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Preface 


NKessaire  pour  les  besoim  d'un  large  eventail  d'applications,  la  determinarion  de  la  trajectoire  d'un  aeronef  fait  intervenir  une 
multitude  d'el^ents.  Dam  ce  manuel,  nous  limitons  notre  propros  a  des  aspects  precis  du  calcul,  de  la  prevision  et  du  contrdle 
des  trajectoires,  et  du  guidage  des  vols. 

L’ouvrage  s’articule  autour  de  deux  grands  themes:  d'une  part,  les  elements  fondamentaux  qui  interviennent  dam  la 
determination  des  trajectoires  compte  tenu  des  connaissances  et  des  technologies  actuelles,  de  I'autre.  la  gestion  et  le  controle 
de  la  circulation  aerietme,  ce  qui  suppose  I'existence  de  methodes  et  de  lechtuques  permettant  de  calculer  en  temps  reel  le 
cheminement  d’un  grand  nombre  d'aeronefs,  aimi  que  la  possibilite  de  les  guider  dans  les  meilleures  conditiom  de  s&urite  et 
d'efRcacite  dans  les  regions  fortement  encombr^. 

Ces  deux  titles  sont  d^eloppes  respectivement  dam  les  volumes  I  et  2.  Un  troisieme  volume  contient  les  rmumes  des 
contributiom,  une  importante  bibliographie,  ainsi  que  la  liste  des  auteurs  des  differentes  contributions,  avec  I'indication  du 
nom  et  de  I’adresse  de  leur  entreprise  ou  de  leur  organisation  (un  index  complete  chacune  de  ces  deux  dernieres  parties). 

Ce  premier  volume  se  compose  de  trois  parties: 

Part  I:  Aspects  Fondamentaux 

Part  II  Navigation  Aerienne  dam  des  Conditions  Atmospheriques  Difficiles 
Part  III  Incidence  des  Technologies  Nouvelles  sur  les  Pilotage  des  Aeronefs 

En  fait,  les  premiere  et  deuxieme  parties  forment  un  tout:  le  lecteur  constatera  en  effet  que  la  structure  des  contributiom  reflete 
les  liem  etroits  qui  existent  entre  les  sujets  traitm,  a  savoir  les  trajectoires  optimales,  les  modeles  non  lin^res  et  les  vols  par 
vents  non  uniformes.  Cela  tient  it  la  nature  meme  du  present  ouvrage:  la  contribution  de  chacun  tend  a  privilegier  un  point 
particulier  et  revet  souvent  un  caractere  autonome. 

Apres  une  introduction  illmtrant  les  relatiom  entre  les  divers  elements  in&uant  sur  le  mouvement  d'un  aeronef,  les  auteurs 
traitent  emuite  de  la  determination  des  trajectoires  optimales  et  du  vol  en  presence  de  vents  variables.  Plusieurs  applications 
sont  envisage:  recherche  de  la  trajectoire  optimale  pour  la  phase  de  d&ollage,  definition  de  lois  de  pilotage  —  optimales  el 
non  optimales  —  pour  la  conduite  d'aeroneh  par  vent  cisaillant  et  etablissement  de  directives  concemant  les  interceptions 
militaires.  Les  auteurs  presentent  en  outre  plusiers  modeles  prenant  en  compte  de  faton  r^iste  le  facteur  vent  et  ses  variations 
temporelles  et  spatiales  dans  les  simulateurs  de  vol. 

La  troisieme  partie  traite  de  I'incidence  de  la  nouvelle  conception  technologique  des  equipements  de  bord  sur  la  conduite  des 
aeronefs.  Elle  comprend  deux  contributiom.  La  premiere  est  consacrra  a  I’utilisation  d'ordinateurs  de  bord  en  vue  d’ameliorer 
I’efficacite  du  transport  aerien,  la  seconde  aborde,  sujet  difficile  s'il  en  est,  le  role  de  I'homme  devant  I'automatisation  croissante 
du  poste  de  pilotage,  et  I'incidence  de  ce  phenomene  sur  I'ex^tion  du  vol. 


Andre  Benoit 

Directeur  du  programme 

Membre  de  la  Commision  Guidage  et  Pilotage 


Preface 


The  determination  of  the  motion  of  aircraft  exhibits  a  very  great  number  of  facets  and  this  is  required  in  a  wide  range  of 
applications.  It  is  accordingly  our  intention  to  limit  the  scope  of  this  manual  to  specific  aspects  related  to  the  computation, 
prediction  and  control  of  trajectories,  and  guidance  of  flights. 

Within  this  framework,  the  work  will  be  structured  around  two  main  themes:  on  the  one  hand  the  fundamentals  of  the 
computation  of  a  trajectory  in  terms  of  present  knowledge  and  technologies  and,  on  the  other,  the  handling  of  air  traffic, 
implying  the  availability  of  methods  and  techniques  to  compute  on-line  the  future  paths  of  a  large  number  of  aircraft  and  the 
possilnlity  of  guiding  their  flights  safely  and  efficiently  in  dense  traffic,  and  even,  in  congested  areas. 

These  two  themes  are  developed  in  two  separate  volumes,  numbered  1  and  2  respectively.  A  third  volume  will  include  the  book 
of  abstracts,  an  extensive  bibliography  and  the  list  of  contributors,  including  affiliations  and  professional  addresses;  these  last 
two  parts  being  complemented  by  adequate  indexes. 

This  first  volume  has  been  divided  into  three  parts,  namely: 

Part  1  Fundamentals 

Part  II  Flight  in  Critical  Atmospheric  Conditions 

Part  III  Impact  of  New  On-Board  Technologies  on  Aircraft  Operation 

Parts  I  and  11  actually  constitute  a  single  entity:  the  reader  will  note  that  the  structure  of  the  contributions  presented  reflects  the 
tight  coupling  between  the  subjects  covered,  mainly  optimum  trajectories/non-linear  models/flight  in  non-uniform  wind.  This 
results  from  the  inherent  nature  of  this  work;  each  individual  contribution  tending  to  be  autonomous,  although  placing  the 
emphasis  on  a  particular  topic. 

After  an  introduction  illustrating  relationships  between  the  elements  affecting  the  motion  of  an  aircraft,  the  emphasis  is  placed 
on  determination  of  optimal  trajectories  and  the  computation  of  fU^t  paths  in  the  presence  of  wind  variations,  ^eral 
applications  are  treated,  including  the  derivation  of  optimal  trajectories  for  the  take-off  phase,  the  determination  of  control 
laws  —  optimal  and  non-optimal  —  to  fly  aircraft  in  the  presence  of  windshear  and  the  generation  of  directives  relating  to 
military  interceptions.  Further,  models  are  proposed  to  account  realistically  (or  wind  and  wind  variations  in  flight  simulations. 

Part  m  affords  a  picture  of  the  impact  of  new  on-board  technologies  on  aircraft  operation.  It  is  made  up  of  two  contributions. 
The  first  one  presents  the  use  of  on-board  computers  to  improve  efficiency  in  air  transport,  while  the  second  treats  the  difficult 
subject  of  the  role  of  man  in  the  ffice  of  increasing  automation  in  the  cockpit,  and  the  resulting  effect  on  the  conduct  of  the  flight. 


Dr  Andre  Benoit 
Programme  Director  and  Editor 
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Activities  in  Air  Traffic  Handling 


Over  the  past  20  years,  the  Guidance  and  Control  Panel  of  the  Advisory  Group  for  Aerospace  Research  and  Development  to 
the  North  Atlantic  Treaty  Organization  has  devoted  part  of  its  activities  to  the  fascinating  field  known  historically  as  Air  T raffic 
Control. 

The  Panel’s  contributions  listed  below  cover  in  particular,  the  air  and  ground  components  considered  as  parts  of  a  single 
system,  the  methods,  techniques  and  technologies  applicable  to  or  usable  for  the  management  of  the  flows  of  aircraft  and  the 
control  of  individual  flights,  the  integration  of  control  phases  over  extended  areas  such  as  In  the  Zone  of  Convergence  type 
concepts,  the  4-D  guidance  of  aircraft  in  critical  conditions,  the  ever-increasing  level  of  automation  and  its  impact  on  the 
essential  role  of  the  human  acting  on-line  in  the  control  loop. 
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Schiaa  gteCral  daa  problteas  post* 


La  tcaiuport  airlaa  riaulta  du  bon  fonecioaneMot  d'un  systSae  fornS  par  : 

-  1* avion 

1*  ataoapl^re 

-  la  pllota 

-  laa  nidaa  larraatraa  b  la  navigation. 

Dana  ca  qui  anlti  la  taxaa  avion  dielgna  I'anaaabla  conatitub  par  la  structure  da  I'avlon,  I'organa  da 
propulsion  at  toua  laa  ayatdaaa  alcanlquas  axlatant  d  bord. 

La  tana  ataoapbbra  dtalgna  I'anaaabla  da  toua  laa  ilCnanta  variables  dSfinlsaaot  la  alllau  dans  laqual 
aa  dbplaea  1* avion. 

La  tacaM  pllota  dialgna  I'anaaabla  da  I'dqulpaga  intarvanaat  dans  la  condulta  da  I'avlon. 

La  taraa  aide  tarraatra  dlalgna  touta  Inforaaelon  trananlaa  i  partlr  du  sol  at»  Cvantuallaaant^  touta 
action  axareia  au  aol* 

La  progranaa  "Caleul  daa  trajactolraa*  nCcaaalta  I'dcabllaaastaot  da  ralatlona  nunbrlquea  antra  das  va* 
rlablaa  da  nature  tria  diffbranta.  11  a'dtand  b  la  tacharcba  da  la  nanlbra  dent  la  pllota  dolt  gfrar  la 
vol  an  vua  d'optlnlaar  I'una  ou  I'autra  daa  varlablaa  du  ayatdnat  tallas  la  durba  du  vol  reliant  la  point 
da  depart  au  point  d'arrlvea,  la  conaonaatlon  totala  da  conbuatlbla,  ate. 

Uo  organlgranna  decrlvant  laa  ralatlona  antra  laa  dlfierantaa  parties  du  ayatdna  alnat  deflnl»  ast  prS- 
aantl  cl~apr)a.  II  cepactlt  an  douaa  groupaa  laa  problbnaa  soulavba  par  la  vol  d'un  avion.  Cat  organl- 
yanaa  preaanta  caa  groupaa  sous  foma  da  blocs  at  Indlque  laa  relations  laa  plus  Inportaotas  qul  laa 
L.daolaaaat. 

La  pranlar  bloc  co^rand  la  definition  da  la  alaalon  anvlaagea,  I'evaluatlon  da  la  quantltb  da  eonbuatibla 
2  prandra  1  bord»  la  verification  par  la  pllota  du  boo  fooctlonoanant  daa  syatbnaa  laa  plus  Inportants. 
La  reaultat  da  I'actlvlte  rapreaantea  par  ca  bloc  ast  I'etabllaaanant  d'un  plan  da  vol,  tenant  conpta  daa 
caracterlatlquaa  aecaolquaa  da  Vavlon  at  daa  Infonatlons  laauaa  daa  blocs  2  at  3. 

La  bloc  2  deflnlt  I'etat  da  I'ataoapbdra  au  nonant  du  depart  at  prevolt,  dans  la  anauca  du  possible,  laa 
•odlficatlona  qul  pourraiaot  aurvanlr  pendant  la  vol. 

La  bloc  3  angloba  toutaa  laa  Infonationa  qua  laa  aarvicaa  da  cootrbla  da  la  circulation  aerlanna  pauvant 
raasaablar  sur  I'etat  d'occupation  da  I'ataoapbdra  par  d'autraa  avlona,  tant  au  aoaant  du  depart  qua 
pendant  touta  la  durCa  du  vol.  Caa  infonatlona  condulaant  toujoura  %  raatralndra  la  cholx  qua  la  pllota 
pant  axarcar  an  aatibra  da  trajaetolra. 

La  bloc  4  acbeutlaa  I'anaaabla  daa  varlablaa  deflnlaaaot,  2  chaqua  Inatant  I'ltat  dana  laqual  aa  trouva 
I'avlon,  aa  poaltlon  at  ton  aouvaaant.  Laa  aoyana  d' Inforaatlon  dont  dlapoaa  la  pllota  constituent  la 
support  aaterlal  da  ca  bloc. 

La  bloc  5  acbeaatlaa  l'actl«Ni  du  pllota  qul  a'etand  : 

a.  aa  traltaaant  da  1* Inforaatlon  at  1  la  verification  da  la  conform te  du  vol  real  (bloc  4)  avac  la  plan 
da  vol  (bloc  1)  I 

b.  2  la  priaa  daa  decialona  necaaaairaa  2  la  poorauita  du  vol  dana  las  aalllauraa  conditions 

c.  2  I'aaecutloD  daa  actions  necasaalraa  2  catta  fin. 

Daa  lastraaaota  da  ealcul  at,  dana  eartaina  caa,  daa  apparalla  autenatiquaa  pauvant  aldar  la  pllota  dans 
ca  travail. 
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L«  bloc  6  coprtsoato  lo  tyatlM  do  propulatoo.  Lo  fooetlonnoaoae  do  co  donloc  oot  coaaoodi  par  lo  plloto 
ot  prodult  : 

o.  UQO  poutaSo  ; 

b.  lo  dlalDutlon  contlouollo  do  lo  otaao  do  I'ovloa,  par  auito  do  lo  conao—atlon  do  coabuatlblo  ; 

c.  I'Calaalon  d'un  bruit  corroapondont  i  us  noobro  (lov(  do  dlclbola  ; 

d.  doa  vlbrotiooa. 

Lo  bloc  7  dSflolt  1' action  doa  eonaandoa  ot  doa  gouvomoa.  II  oat  tndlaponaoblo  do  roppoloc  la  diflnltloo 
quo  I'ISO  donna  do  coo  tonoa. 

Loa  gouvomoa  aont  doa  organoa  doatlnia  i  altdror  I'icoulonant  do  l*olc  autour  do  I'avlon,  ot  I  nodlflor 
alnal  loa  forcoa  oxirlouroa  aglaaant  auc  colul-ci.  Coa  organoa  aont  on  fait  doa  partloa  do  la  atrueturo 
auacoptlbloa  do  aublr  do  falbloa  diplacoaonta  eoaaandCa  par  lo  plloto*  On  dolt  roaarquor  quo  doa  jota 
d'alr  Bodulabloa  ot  dlrlgCa  do  I'lnttrlour  do  I'avlon  vara  I'ox^tour,  conatltuoralont  auaal  doa  gouvor* 
noa  al  on  loa  utlllaalt* 

Lo  tamo  coaaando  dialgno  I'organo  aur  loquol  lo  plloto  aglt  pour  aottro  la  gouvomo  on  action. 

II  oxlato  tttcoaaalroaont  tout  un  ntcanlano  ontro  la  coaaando  ot  la  gouvomo.  Co  nScanlaao  pout,  dona 
cortalna  caa,  Itro  actlonnd  par  doa  algnaux  Indlquant  un  (cart  ontro  la  grandour  aoubaltto  doa  varlabloa 
d'Ctat  ot  lour  grandour  r(ollo. 

Co  aicanlaao  eonatltuo  la  partla  aaeSrlollo  du  groupo  7.  La  eonnaiaaanco  do  aoo  action  oat  ooaaontlollo 
dona  I'dtudo  do  la  nScanlquo  do  I'avlon. 

Lo  bloc  8  roprSaonte  (pour  ntaolro)  loa  ayat^a  auxlllalroa  qul  pouvont  itro  ala  on  aorvlco  par  lo  plloto. 

Loa  bloca  9  ot  10  ditoralnont  Inaction  d'ontrioa  conalatant  on  : 

porturbatlona  ataoaphirlquoa 
varlatlona  do  pouaaio 
diplacoaonta  do  gouvomoa. 

Coa  ontrioa  pouvont  produlro  doa  diforaatlona  do  atrueturo  do  l*avlon,  privuoa  par  lo  bloc  9.  Blloo 
oxorcent  un  of lot  dlroct  our  lo  nouvoaont  do  I'avlon  diflnl  par  lo  bloc  10. 

Dana  loa  doux  caa,  coa  ontrioa  oxorcont  doa  forcoa  ot  doa  aoaonta  dipondant  doa  caractirlatlquoa  airodyna-- 
alquoa  do  I'avlon.  Coa  caractirlatlquoa  aont  diflnloa  par  co  qu'on  pout  appolor  la  nodilo  airodynanlquo 
do  I'avlon.  Uno  bonne  connalaaaoco  do  colul-cl  oat  Indlaponaablo  al  on  vout»  i  I'aldo  doa  iquatlona  do  la 
nieonlquo,  privotr  I'offot  doa  bloca  9  ot  10. 

Cotto  altuotlon  aoralt  aona  conaiquoncoa  gravoa  al  loa  difomatlona  do  la  atrueturo  do  I'avlon  no  eonatl' 
tualont  paa  uno  ontrio  aupplinontalro  au  bloc  10,  co  qul  conduit  8  lo  poaalblllti  do  couplagoa  ontro  loa 
difomatlona  do  atrueturo  ot  loa  nouvoaonta  do  I'avlon,  dovant  loaquola  lo  plloto  ao  trouvoralt  diaomi. 

Coat  au  nonont  do  la  concoptlon  do  I'avlon  quo  loa  tochnlclona  dolvont  volllor  I  co  quo  do  tola  couplagoa 
no  pulaaont  attolndro  uno  grandour  dangorouao  dona  loa  llnltoa  d'utlllaotlon  doa  avlona. 

L ' organlgranno  oat  traci  dona  I'bypothiao  od,  nl  loa  aortloa  du  bloc  9,  nl  colloa  du  bloc  8  n'oxorcont 
d'offot  aur  lo  bloc  10.  Cod  oxclut  I'oxaaon  du  ayatteo  "nanoouvro  du  train  d'aftorrlaango”  alnal  quo 
tout  probliao  do  fluttor. 

Loa  aortloa  du  bloc  10  aont  loa  dirlvia  doa  varlabloa  d'itat  par  rapport  au  tonpa. 

Lo  bloc  11  acbiaatlao  1' iotigratlon  do  coa  dirlvia.  11  dicrlt  par  conaiquont  I'ivolutlon  doa  varlabloa 
d'itat  par  rapport  au  toq^a. 


Lo  bloc  12  acbiaatlao  1* Iotigratlon  doa  vltoaaoa  ot  diflolt  lo  trajoctolro  porcouruo. 
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Ocatra]  outUna  d  tba  Prnhtoa 


Air  transport  depends  on  the  smooth  operation  of  a  system  nmde  up  of  the  following  elements: 

-  the  aircraft 

-  the  atmoephere 
*  the  pilot 

-  the  ground-based  navigation  aids. 

For  the  purposes  of  this  paper,  the  term  "aircraft"  is  taken  to  mean  the  whole  made  up  of  the 
structure  of  the  aircraft,  its  propulsion  system  and  all  the  mechanical  systems  on  board. 

The  term  "atmosphere"  covers  all  the  variables  defining  the  space  in  which  the  aircraft  travels. 

The  term  "pilot"  refers  to  all  the  crew  involved  in  flying  the  aircraft. 

The  term  "ground-based  aids"  means  all  information  transmitted  from  the  ground,  together,  potentially, 
vrith  all  actions  originating  on  the  ground. 

The  "computation  of  trajectory"  program  requires  the  establishment  of  numerical  relations  between 
variables  of  very  different  kinds.  It  covers  research  into  how  the  pilot  should  manage  the  flight  so  as 
to  optimise  one  or  other  of  the  variables  in  the  system  (e.g.  flight  time  between  the  point  of  departure 
and  the  point  of  arrival,  total  fuel  consumption,  etc.). 

A  flow  chart  illustrating  the  relation  between  the  various  parts  of  the  system  thus  defined  is  given 
below.  It  divides  the  problems  raised  by  the  flight  of  an  aircraft  into  twelve  groups;  these  are  shown 
as  blocks  and  the  major  links  between  them  indicated. 

The  ftrst  block  embraces  the  definition  of  the  intended  flight,  the  evaluation  of  the  amount  of  fuel  to  be 
taken  on,  and  the  pilot  checks  of  the  systems.  AU  this  results  in  the  estabUshment  of  a  flight 
plan  taking  into  account  the  mechanical  features  of  the  aircraft  and  the  information  in  Blocks  2  and  3. 

Block  2  defines  the  state  of  the  atmosphere  at  the  time  of  departure  and  gives,  as  far  as  possible,  the 
charges  which  might  occur  during  the  flight. 

Block  3  covers  all  the  information  the  ATC  services  have  been  able  to  assemble  regarding  occupancy  by 
other  aircraft  at  the  time  of  departure  and  during  the  entire  flight.  These  factors  always  restrict  the 
pilots*  choice  of  trajectory. 

Block  4  shows  all  the  variables  defining  at  any  given  moment  the  state  of  the  aircraft,  its  position  and 
its  prepress.  The  basis  for  this  block  is  formed  by  the  information  resources  at  the  pilots'  disposal. 

Block  5  is  a  representation  of  the  pilots'  action,  covering: 

a.  processing  the  information  and  checking  the  actual  flight  (Block  4)  against  the  flight 
plan  (Block  1) 

b.  taking  the  decisions  necessary  to  enable  the  flight  to  proceed  under  optimal  conditions; 
Computers,  and  In  some  cases  automatic  devices,  may  be  used  to  assist  the  pilot  :n  this. 

Block  6  represents  the  propulsion-system.  This  is  controlled  by  the  pilot  and  produces  : 

a.  a  thrust; 

b.  a  constant  reduction  in  the  moss  of  the  aircraft  as  the  weight  of  fuel  is  reduced; 

c.  mdse  equivalent  to  a  high  level  of  decibels; 

d.  vibration. 
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Block  7  de^nes  the  action  of  the  control  (or  actuators)  and  control  surfaces.  The  definition  attached 
to  these  terms  by  the  ISO  must  be  borne  in  mind. 

It  is  this  mechanism  which  makes  up  the  material  part  of  Block  7.  An  understanding  of  its  action  is 
essential  in  the  study  of  the  mechanics  of  the  aircr^t. 

Block  8  shows,  for  the  record,  the  auxiliary  systems  which  may  be  used  by  the  pilot. 

Blocks  9  and  10  determine  the  effect  of  inputs  such  as: 

atmospheric  disturbances 
variations  in  thrust 
displacements  of  control  surfaces. 

These  may  cause  structural  changes  to  the  aircraft,  as  provide  in  Block  9.  They  have  a 
direct  e^ect  on  the  moveoient  of  the  aircraft  as  defined  by  Block  10. 

In  both  cases,  these  inputs  exert  force  and  momentum  depending  on  the  aerodynamic  features  of  the 
aircraft.  These  in  turn  are  defined  by  what  might  be  termed  the  aerodynamic  model  of  the  aircraft. 
This  must  be  fully  understood  if  the  mechanical  equations  are  to  be  used  to  predict  the  effect  cX 
Blocks  9  and  10. 

This  state  of  affairs  would  not  matter  very  much  if  changes  to  the  aircraft  structure  did  not  constitute 
an  additional  input  in  Block  10,  opening  the  %ray  for  possible  links  between  structural  changes  and 
aircraft  movements,  which  would  leave  the  pilot  unprepared. 

At  the  design  stage  the  engineers  should  strive  to  ensure  that  such  links  never  reach  a  dangerous 
level  when  the  aircraft  is  used  within  the  design  limitations. 

The  flow  chart  is  based  on  the  assumption  that  neither  Block  8  nor  Block  9  will  have  any  bearing  on 
Block  10.  Accordingly  no  account  is  taken  of  the  "landing  path  manoeuvre"  system  or  any  flutter 
problem. 

Block  10  outputs  are  derived  from  variations  of  state  over  time. 

Block  11  shows  the  Integration  of  these  derivativea.  It  thus  gives  the  trend  in  the  variations  of  state 
over  time. 

Block  12  Illustrates  the  integration  of  speeds  and  defines  the  trajectory  followed. 
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SUMMARY 

This  paper  suiinariaes  some  of  the  work  done  by  the  Aero-Astronaut1cs  Group  of  Rice  University  on 
algorithms  for  the  numerical  solutions  of  optimal  control  problems  and  their  application  to  the  comput¬ 
ation  of  optimal  flight  trajectories  of  aircraft  and  spacecraft. 

Part  1  deals  with  general  considerations  on  calculus  of  variations,  optimal  control,  numerical 
algorithms,  and  applications  of  these  algorithms  to  real-world  problems. 

Part  2  deals  with  the  sequential  gradient-restoration  algorithm  (SGRA)  for  the  numerical  solution 
of  optimal  control  problems  of  the  Bolza  type.  Both  the  primal  formulation  and  the  dual  formulation  are 
discussed. 

Part  3  deals  with  aircraft  trajectories.  In  particular,  the  application  of  the  dual  sequential 
gradient-restoration  algorithm  (DSGRA)  to  the  determination  of  optimal  flight  trajectories  In  the 
presence  of  windshear.  Both  take-off  trajectories  and  abort  landing  trajectories  are  discussed.  Take¬ 
off  trajectories  are  optimized  by  minimizing  the  peak  deviation  of  the  absolute  path  Inclination  from  a 
reference  value.  Abort  landing  trajectories  are  optimized  by  minimizing  the  peak  drop  of  altitude  from 
a  reference  value.  The  survival  capability  of  an  aircraft  In  a  severe  windshear  Is  discussed,  and  the 
optimal  trajectories  are  found  to  be  superior  to  both  constant  pitch  trajectories  and  maximum  angle  of 
attack  trajectories. 

Parts  4  and  5  deal  with  spacecraft  trajectories.  In  particular,  the  application  of  the  primal 
sequential  gradient-restoration  algorithm  (PSGRA)  to  the  determination  of  optimal  flight  trajectories  for 
aeroassisted  orbital  transfer.  Both  the  coplanar  case  (problem  without  plane  change.  Part  4)  and  the 
noncoplanar  case  (problem  with  plane  change.  Part  5)  are  discussed  within  the  frame  of  three  problems; 
minimization  of  the  total  characteristic  velocity;  minimization  of  the  time  Integral  of  the  square  of 
the  path  Inclination;  and  minimization  of  the  peak  heating  rate.  The  solution  of  the  second  problem  Is 
called  nearly-grazing  solution,  and  Its  merits  are  pointed  out  as  a  useful  engineering  compromise  between 
energy  requirements  and  aerodynamics  heating  requirements. 

Part  6  presents  the  conclusions.  The  references  are  given  In  Part  7. 
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PAKT  1.  GENERAL  CONSIDERATIONS 

1.1.  INTRODUCTION 

In  every  branch  of  science,  engineering,  and  econonlcs.there  exist  systems  which  are  controll¬ 
able,  that  Is,  they  can  be  made  to  behave  In  different  ways  depending  on  the  will  of  the  operator.  Every 
time  the  operator  of  a  system  exerts  an  option,  a  choice  In  the  distribution  of  the  controls  governing 
the  system,  he  produces  a  change  In  the  distribution  of  the  states  occupied  by  the  system  and,  hence,  a 
change  In  the  final  state.  Therefore,  It  Is  natural  to  pose  the  following  question;  Among  all  the  ad¬ 
missible  options,  what  Is  the  particular  option  which  renders  the  system  optimum?  As  an  example,  what 
Is  the  option  which  minimizes  the  difference  between  the  final  value  and  the  Initial  value  of  an  arbit¬ 
rarily  specified  function  of  the  state  of  the  system?  The  body  of  knowledge  covering  problems  of  this 
type  Is  called  calculus  of  variations  or  optimal  control  theory  (Refs.  1-8).  As  stated  before,  appli¬ 
cations  occur  In  every  field  of  science,  engineering,  and  economics. 

It  must  be  noted  that  only  a  minority  of  current  problems  can  be  solved  by  purely  analytical 
methods.  Hence,  It  Is  Important  to  develop  numerical  techniques  enabling  one  to  solve  optimal  control 
problems  on  a  digital  computer.  These  numerical  techniques  can  be  classified  Into  two  groups;  first-order 
methods  and  second-order  methods.  First-order  methods  (or  gradient  methods)  are  those  techniques  which 
employ  at  most  the  first  derivatives  of  the  functions  under  consideration.  Second-order  methods  (or 
quasilinearization  methods)  are  those  techniques  which  employ  at  most  the  second  derivatives  of  the 
functions  under  consideration. 

Both  gradient  methods  and  quasi! Inearizatlon  methods  require  the  solution  of  a  linear,  two-point 
or  multi-point  boundary-value  problem  at  every  Iteration.  This  being  the  case,  progress  In  the  area  of 
numerical  methods  for  differential  equations  Is  essential  to  the  efficient  solution  of  optimal  control 
problems  on  a  digital  computer. 

1.2.  GRADIENT  METHODS 

In  Part  2  of  this  paper,  we  review  recent  advances  In  the  area  of  gradient  methods  for  optimal 
control  problems  (Refs.  9-28).  Because  of  space  limitations,  we  make  no  attempt  to  cover  every  possible 
technique  and  every  possible  approach,  a  material  Impossibility  In  view  of  the  large  number  of  publicat¬ 
ions  available.  Thus,  except  for  noting  the  early  work  performed  by  Kelley  (Refs.  9-10)  and  Bryson 
(Refs.  11-14),  we  devote  Part  2  of  the  paper  to  a  review  of  the  work  performed  In  recent  years  by  the 
Aero-Astronautics  Group  of  Rice  University  (Refs.  15-28). 

Also  because  of  space  limitations,  we  treat  only  single-subarc  problems.  More  specifically, 
we  consider  the  following  Bolza  problem  of  optimal  control,  called  Problem  (P)  for  easy  Identification. 

Problem  (P)  consists  of  minimizing  a  functional  I  which  depends  on  the  state  vector  x(t),  the 
control  vector  u(t),  and  the  parameter  vector  w.  At  the  Initial  point,  the  state  and  the  parameter  are 
required  to  satisfy  a  vector  relation.  At  the  final  point,  the  state  and  the  parameter  are  required  to 
satisfy  another  vector  relation.  Along  the  Interval  of  Integration,  the  state,  the  control,  and  the 
parameter  are  required  to  satisfy  a  vector  differential  equation. 

Problem  (P)  can  be  further  complicated  via  the  addition  of  a  vector  nondifferentlal  equation 
to  be  satisfied  everywhere  along  the  Interval  of  Integration.  The  resulting  generalized  Bolza  problem  Is 
called  Problem  (S);  see,for  examp1c,Ref.  17. 
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In  technical  applications,  there  exist  problems  of  optimal  control  whose  format  Is  different 
from,  but  Is  reducible  to,  the  format  of  Problem  (P)  or  that  of  Problem  (S).  In  particular,  this  Is  the 
case  with  the  Chebyshev  problem  or  minimax  problem  (Problem  (Q)!.  For  a  particular  transformation 
technique  converting  the  Chebyshev  problem  Into  the  Bolza  problem,  see  Ref.  29. 

1.3.  SEQUENTIAL  GRADIENT-RESTORATION  ALGORITW 

One  of  the  most  effective  first-order  algorithms  for  solving  trajectory  optimization  problems 
Is  the  sequential  gradient-restoration  algorithm  (SGRA,  Refs.  15-24).  Originally  developed  In  the  primal 
formulation  (PSGRA,  Refs.  15-21),  this  algorithm  has  been  extended  to  Incorporate  a  dual  formulation 
(OSGRA,  Refs.  22-24). 

Both  the  primal  formulation  and  the  dual  formulation  Involve  a  sequence  of  two-phase  cycles, 
each  cycle  Including  a  gradient  phase  and  a  restoration  phase.  The  gradient  phase  Involves  one  Iteration 
and  Is  designed  to  decrease  the  value  of  the  functional,  while  the  constraints  are  satisfied  to  first 
order.  The  restoration  phase  Involves  one  or  more  Iterations  and  Is  designed  to  force  constraint 
satisfaction  to  a  predetermined  accuracy,  while  the  norm  scpiared  of  the  variations  of  the  control, 
the  parameter,  and  the  Initial  state  is  minimized.  In  turn,  each  Iterat.  ^  of  the  gradient 
phase  and  the  restoration  phase  requires  the  solution  of  an  auxiliary  minimization  problem  (AMP). 

In  the  primal  formulation,  the  AMP  is  solved  with  respect  to  the  variations  of  the  state,  the 
control,  and  the  parameter.  This  leads  to  a  linear,  two-point  boundary-value  problem,  which  can  be  solved 
with  the  method  of  particular  solutions  (Refs.  25-28)  or  the  method  of  complementary  functions,  employed 
In  conjunction  with  some  available  Integration  scheme,  for  Instance,  Hamming’s  modified  predictor- 
corrector  method  (Ref.  30). 

In  the  dual  formulation,  the  AMP  Is  solved  with  respect  to  the  Lagrange  multipliers.  Once  more, 
advantageous  use  can  be  made  of  the  method  of  particular  solutions  or  the  method  of  complementary 
functions. 

A  characteristic  of  the  dual  formulation  Is  that  the  AMP's  associated  with  the  gradient  phase 
and  the  restoration  phase  of  5GRA  can  be  reduced  to  mathematical  progranmlng  problems  Involving  a  finite 
number  of  parameters  as  unknowns.  This  leads  to  particularly  efficient  versions  of  the  sequential 
gradient-restoration  algorithm  (Refs.  22-24). 

The  principal  property  of  the  algorithms  presented  here  Is  that  a  sequence  of  feasible  suboptimal 
solutions  Is  produced.  In  other  words,  at  the  end  of  each  gradient-restoration  cycle,  the  constraints 
are  satisfied  to  a  predetermined  accuracy.  Therefore,  the  values  of  the  functional  I  corresponding  to 
any  two  elements  of  the  sequence  are  comparable. 

1.4.  AEROSPACE  APPLICATIONS 

Applications  of  the  sequential  gradient-restoration  algorithm  occur  In  various  branches  of 
science,  engineering,  and  economics.  With  particular  regard  to  aerospace  engineering,  various  problems 
of  atmospheric  flight  mechanics  and  suborbital  flight  mechanics  can  be  solved  by  means  of  PSGRA  and 
OSGRA.  Generally  speaking,  PSGRA  has  proven  to  be  more  efficient  In  problems  of  suborbital  flight 
mechanics,  while  OSGRA  has  proven  to  be  more  efficient  In  problems  of  atmospheric  flight  mechanics 
(Ref.  24). 

Part  3  of  this  paper  deals  with  aircraft  trajectories;  the  application  of  the  dual  sequential 
gradient-restoration  algorithm  (OSGRA)  to  the  determination  of  optimal  flight  trajectories  1n  the  presence 


of  windshear  Is  shown  (Refs.  31-60).  Both  take-off  trajectories  and  abort  landing  trajectories  are 
discussed.  Take-off  trajectories  are  optimized  by  minimizing  the  peak  deviation  of  the  absolute  path 
Inclination  from  a  reference  value.  Abort  landing  trajectories  are  optimized  by  minimizing  the  peak 
drop  of  altitude  from  a  reference  value.  The  survival  capability  of  an  aircraft  In  a  severe  windshear 
1s  discussed,  and  the  optimal  trajectories  are  found  to  be  superior  to  both  constant  pitch  trajectories 
and  maximum  angle  of  attack  trajectories. 

Parts  4  and  5  deal  with  spacecraft  trajectories;  the  application  of  the  primal  sequential 
gradient-restoration  algorltlm  (PSGRA)  to  the  determination  of  optimal  trajectories  for  hypervelocity 
flight  Is  shown  (Refs.  61-95).  Both  coplanar  aeroassisted  orbital  transfer  (problem  without  plane 
change.  Part  4)  and  noncoplanar  aeroassisted  orbital  transfer  (problem  with  plane  change.  Part  5)  from 
high  Earth  orbit  (HEO)  to  low  Earth  orbit  (LEO)  are  discussed  within  the  frame  of  three  problems;  mini¬ 
mization  of  the  total  characteristic  velocity;  minimization  of  the  time  Integral  of  the  square  of  the 
path  Inclination;  and  minimization  of  the  peak  heating  rate.  The  solution  of  the  second  problem  is  called 
nearly-grazing  solution,  and  Its  merits  are  pointed  out  as  a  useful  engineering  compromise  between  energy 
requirements  and  aerodynamic  heating  requirements  (Refs.  83  and  92). 

1.5.  REHARK 

For  spacecraft  trajectories,  the  procedure  employed  to  optimize  HEO-to-LEO  transfers  can  be 
extended  to  include  GEO-to-LEO  transfers  and  LEO-to-LEO  transfers  (Ref.  92).  Here,  GEO  denotes  geosynch¬ 
ronous  Earth  orbit  and  LEO  denotes  low  Earth  orbit.  Note  that  LEO-to-LEO  transfers  are  of  interest  for 
the  National  Aero-Space  Plane  (NASP). 

To  sum  up,  the  sequential  gradient-restoration  algorltim  is  a  powerful  and  versatile  algorittm 
for  solving  optimal  trajectory  problems  of  atmospheric  flight  mechanics,  suborbital  flight  mechanics, 
and  orbital  flight  mechanics.  While  the  examples  provided  belong  to  the  extreme  regions  of  the 
velocity  spectrum  (low  subsonic  flight  and  hypervelocity  flight),  the  sequential  gradient-restoration 
algorithm  can  handle  equally  well  optimal  trajectory  problems  of  supersonic  and  hypersonic  aircraft  as 
well  as  optimal  trajectory  problems  for  vehicles  of  the  space  shuttle  type  and  the  Hermes  type. 
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PART  2.  SEQUENTIAL  GRADIENT-RESTORATION  ALGORITHM 

2.1.  OUTLINE 

In  Part  2,  we  present  the  algorithms  useful  for  solving  Bolza  problems  on  a  digital  computer, 
specifically,  sequential  gradient-restoration  algorithms.  Both  the  primal  formulation  and  the  dual 
formulation  are  discussed. 

Section  2.2  contains  the  notations,  and  Section  2.3  presents  the  Bolza  problem  of  optimal 
control  [Problem  (P)l.  The  sequential  gradient-restoration  algorithm  (SGRA)  Is  Introduced  In  Section 
2.4  and  Is  discussed  In  Section  2.5  (primal  formulation,  PSGRA)  and  Section  2.6  (dual  formulation,  DSGRA). 
The  solution  of  the  linear,  two-point  boundary-value  problem  Is  discussed  In  Section  2.7  (primal  form¬ 
ulation,  PSGRA)  and  Section  2.8  (dual  formulation,  DSGRA).  The  determination  of  the  stepsizu  Is 
discussed  In  Section  2.9,  and  a  sunmary  of  the  sequential  gradient-restoration  algorithm  Is  given  In 
Section  2.10.  Primal-dual  properties  arc  presented  In  Section  2.11.  Finally,  the  order  of  magnitude  of 
the  variations  produced  by  SGRA  Is  discussed  In  Section  2.12. 

2.2.  NOTATIONS 

Throughout  Part  2,  vector-matrix  notation  is  used  for  conciseness.  All  vectors  are  column 

vectors. 

Let  t  denote  the  Independent  variable,  and  let  x(t),  u(t),  x  denote  the  dependent  variables. 

The  time  t  Is  a  scalar;  the  state  x(t)  Is  an  n-vector;  the  control  u(t)  Is  an  m-vector;  and  the  parameter 
X  Is  a  p-vector. 

Let  f(x,u,x,t)  denote  a  scalar  function  of  the  arguments  x,u,x,t.  The  symbol  f^  denotes  the 
m-vector  function  whose  components  are  the  partial  derivatives  of  the  scalar  function  f  with  respect  to 
the  components  of  the  vector  u.  Analogous  definitions  hold  for  the  symbols  f^^,  f^. 

Similar  definitions  are  employed  for  the  partial  derivatives  h^,  h^^  of  the  scalar  function 
h(x,x)  and  the  partial  derivatives  g„,  g.  of  the  scalar  function  g(x,x). 

X  IT 

Let  4(x,u,x,t)  denote  an  n-vector  function  of  the  arguments  x,u,x,t.  The  symbol  denotes  the 
raxn  matrix  function  whose  elements  are  the  partial  derivatives  of  the  components  of  the  vector  function 
♦  with  respect  to  the  components  of  the  vector  u.  Analogous  definitions  hold  for  the  symbols 

Similar  definitions  are  employed  for  the  partial  derivatives  of  the  vector  function 

u(x,x)  and  the  partial  derivatives  of  the  vector  function  i|i(x,x). 

The  dot  sign  denotes  derivative  with  respect  to  the  time,  that  is,  x  =  dx/dt.  The  symbol  T 
denotes  transposition  of  vector  or  matrix.  The  subscript  0  denotes  the  Initial  point,  and  the  sub¬ 
script  1  denotes  the  final  point. 

The  symbol  N(y)  •  y\  denotes  the  quadratic  norm  of  a  vector  y. 

Throughout  Part  2,  It  Is  assumed  that  the  Interval  of  Integration  has  been  normalized  to  unity, 
using  a  suitable  transformation.  The  actual  final  time  T,1f  It  Is  free, becomes  a  component  of  the 
vector  parameter  x  being  optimized, 

2.3.  OPTIMAL  CONTROL  PROBLEM 

Problem  (P).  He  consider  the  problem  of  minimizing  the  functional 
I  *  |^f(x,u,x,t)dt  +(h(x,x)]g  + [g(x,x)I,, 


(1) 
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with  respect  to  the  n-vector  state  x(t),  the  m-vector  control  u(t),  and  the  p-vector  parameter  r 
which  satisfy  the  constraints 


X  +  ♦(x.u.x.t)  -  0, 


(uCx.rjlg  -  0, 


[♦(x.r)]^  =  0. 


0  <  t  <  1, 


(2a) 

(2b) 

(2c) 


In  the  above  equations,  f  Is  a  scalar;  h  Is  a  scalar;  q  1$  a  scalar;  o  Is  a  n-vector;  u  Is  an  a-vector, 
a  £  n;  and  i|/  Is  a  b-vector,  b  £  n.  We  assume  that  the  first  and  second  derivatives  of  the  functions  f, 
h,  g,  u,  i|i  with  respect  to  the  vectors  x,  u,  x  exist  and  are  continuous.  We  also  assume  that  the 
nxa  matrix  has  rank  a  at  Initial  point,  that  the  nxb  matrix  has  rank  b  at  final  point,  and  that 
the  constrained  minimum  exists. 

From  calculus  of  variations.  It  is  know;  that  Problem  (P)  Is  of  the  BoUa  type.  It  can  be 
recast  as  that  of  minimizing  the  augmented  functional 


J  =  I  +  L, 

subject  to  (2),  where  L  denotes  the  Lagranglan  functional 
L  *  I  X^(x  +  ♦)dt  +  (o^ii))g  +  (u^ili),. 


(3) 


(4) 


In  Eq.  (4),  X(t)  denotes  an  n-vector  Lagrange  multiplier,  o  denotes  an  a-vector  Lagrange  multiplier, 
and  u  denotes  a  b-vector  Lagrange  multiplier. 

Optimality  Conditions.  The  first-order  optimality  conditions  for  Problan  (P)  take  the  form 


X  -  fx  -  V  *  0, 


fu  >  V  ■  o* 


0  £  t  £  1, 
0  <  t  <  1, 


L(*'x  *  *  v'o  *  (3,,  +  V>1  "  “• 


(-X  +  hjj  +  “x“'o  ° 


(X  +  g^  +  ♦^u);  ■  0. 


(5a) 

(5b) 

(5c) 

(5d) 

(5e) 


Summarizing,  we  seek  the  functions  x(t),  u(t),  x  and  the  multipliers  X(t),  a,  u  such  that  the  feasibility 
equations  (2)  and  the  optimality  conditions  (5)  are  satisfied. 

Performance  Indexes.  The  form  of  Eqs,  (2)  and  (5)  suggests  that  the  following  scalar  performance 
indexes  are  useful  In  computational  work; 


f1 

P  -  J^N(;  +  ♦)dt  +  N(u.)o  +  N(*),, 

^  -  ♦x^)"  *  l)(^u  *  ♦u'><“ 

*  ^  V’o  *  (9x  *  V>l' 

+  N(-X  +  hji  +  UjjO)(j  +  N(X  +  g,  + 


(6a) 


(6b) 
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with  respect  to  the  vectors  A(t),  B(t),  C  which  satisfy  the  linearized  constraints 

A  +  <fjA  +  ♦Jb  +  (pjc  •  0, 

0  i.  t  1  1, 

(10a) 

(“Ja  ii>Jc)q  =  0, 

(10b) 

(■(■Ja  +  ikjc),  •  0. 

(10c) 

From  calculus  of  variations.  It  Is  known  that  Problan  (GP)  Is  of  the  Bolza  type.  It 

recast  as  that  of  minimizing  the  augmented  functional 

can  be 

JqP  '  'gp  *  '■GP' 

(11) 

subject  to  (10),  where  Lgp  denotes  the  Lagranglan  functional 

Lgp  -  *  '^u®  ^  aJ*-)***  o^(“][a  +  “Jc)p  ■* 

■  P^('I'Ja  + 

(12) 

In  Eq.  (12),  X(tl  denotes  an  n-vector  Lagrange  multiplier,  a  an  a-vector  Lagrange  multiplier, 

a  b-vector  Lagrange  multiplier. 

The  first-order  optimality  conditions  for  Problem  (GP)  take  the  form 

and  u 

X  -  f,  -  Ax^  =  0, 

0  <  t  <  1, 

(13a) 

f„  +  V  *  8  -  “• 

0  i  t  i  '  • 

(13b) 

*  V’o  *  *  V>1  +  C  '  O' 

(13c) 

(-X  *  \  *  “x®  *  *)(3  *  0, 

(13d) 

(X  +  9^  *  Vh  '  0- 

(13e) 

Suramrlzlng,  we  seek  the  functions  A(t),  B(t),  C  and  the  multipliers  X(t),  o,  v  such  that  the  feasibility 
equations  (10)  and  the  optimality  conditions  (13)  are  satisfied. 

Restoration  Phase:  Problem  (RP).  Minimize  the  quadratic  functional 


I 


RP  ■ 


(l/Z)(|^B'^Bdt  c'''c  +  (A'^A)gJ, 


(lA) 


with  respect  to  the  vectors  A(t),  B(t),  C  which  satisfy  the  linearized  constraints 
A  +  ♦Ja  +  4iJb  +  pjc  +  (x  +  ♦)  ■  0.  0  i  f  1  ' . 

(uiJa  +  +  ai)g  •  0, 

(♦Ja  +  i|)Jc  +  ^r)^  -  0. 

From  calculus  of  variations,  It  Is  known  that  Problem  (RP)  Is  of  the  Bolza  type, 
recast  as  that  of  minimizing  the  augmented  functional 

'’rp  '  'rP  *  '■RP' 

subject  to  (is),  where  L^p  denotes  the  Lagranglan  functional 


(15a) 
(15b) 
(15c) 
It  can  be 


(16) 
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‘■RP  °  *  *1*  *  *1®  *  ‘’^*“1*  *  “I*-  *  “>0 

+  M^('I'Ja  +  I|/Jc  +  1||)^.  (17) 

In  Eq.  (17),  X(t)  denotes  an  n-vector  Lagrange  multiplier,  a  an  a-vector  Lagrange  multiplier,  and  u 
a  b-vector  Lagrange  multiplier. 

The  first-order  optimality  conditions  for  Problem  (RP)  take  the  form 


X  -  =  0, 

0  <  t  £  1, 

(18a) 

♦uX  +  B  =  0, 

0  <  t  <  1, 

(18b) 

IjjVdt  +  (iP^<i)o  ^ 

(IBc) 

(-X  +  u^a  +  A)p  =  0, 

(18d) 

(X  +  i|/j|P)i  =  0. 

(IBe) 

Sumnarlzlng,  we  seek  the  functions  A(t),  B(t),  C  and  the  multipliers  X(t),  o,  p  such  that  the  feasibility 
equations  (15)  and  the  optimality  conditions  (18)  are  satisfied. 

First  Variation  Properties.  The  basic  functions  A(t),  B(t),  C  solving  Problems (GP)  and  (RP)  are 
endowed  with  some  first  variation  properties,  shown  here  without  proof.  These  properties  are  Important, 
because  they  dictate  the  choice  of  the  functions  to  be  considered  In  the  determination  of  the  stepsize. 
For  the  gradient  phase,  It  can  be  shown  that 

61  •  6J  •  -oQ,  (19a) 

6P  -  0,  (19b) 

where  I  Is  the  functional  (1),  J  Is  the  augmented  functional  (3),  P  Is  the  constraint  error  (6a),  and  Q 

Is  the  error  In  the  optimality  conditions  (6b).  Clearly,  the  decrease  of  the  functionals  I  and  J  Is 

guaranteed  for  a  gradient  stepsize  a  sufficiently  small. 

For  the  restoration  phase.  It  can  be  shown  that 

6P  >  -2aP,  (20) 


where  P  is  the  constraint  error  (6a).  Clearly,  the  decrease  of  the  constraint  error  P  Is  guaranteed 
for  a  restoration  stepsize  o  sufficiently  small. 

2.6.  DUAL  FORHULATION 


In  the  dual  formulation,  the  multipliers  X(t),  o,  p  are  determined  through  the  formulation  of 
two  auxiliary  minimization  problems,  one  for  the  gradient  phase  and  one  for  the  restoration  phase. 
Gradient  Phase:  Problem  (6D).  Minimize  the  quadratic  functional 


IqO  *  (V2)[|^W  +  c''’c  +  e''^E), 


(21) 


with  respect  to  the  vectors  X(t),  o,  p  and  B(t),  C,  E  which  satisfy  the  linear  constraints 
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X  -  fx  -  -  0,  0  i.  t  <  1,  (22a) 

Oltll-  (ZZb) 

fl 

Jg(^Tr  *  V'***  *  *  V>0  *  ^9ir  *  +  C  -  0.  (22c) 

(-X  +  hx  +  “x^^O  ^  (22d) 

(X  +  Ox  +  V^l  " 

From  calculus  of  variations.  It  Is  known  that  Problem  (GO)  Is  of  the  Bolza  type.  It  can  be 
recast  as  that  of  minimizing  the  augmented  functional 

■^GO  '  ^GO  *  ’’GD* 

subject  to  (22),  where  Lqq  denotes  the  Lagranglan  functional 
Lgo  -  -  lo‘'*«’u  ^  ^  B)dt 

-  Cllj  Vx  "  "  (hx  *  V)o  *  <9x  +  V^l  *  <:’ 

-eJk-X  +  hx  +  aixa)p  +  E]  -  fI(X  +  Gx  +  'l'x*‘^r 

In  Eg.  (24),  Ax(t)  denotes  an  n-vector  Lagrange  multiplier,  B*(t)  an  m-vector  Lagrange  multiplier,  C*  a 
p-vector  Lagrange  multiplier,  E*  an  n-vector  Lagrange  multiplier,  and  F,  an  n-vector  Lagrange  multiplier. 
The  first-order  optimality  conditions  for  Problem  (GO)  take  the  form 

A*  +  ijJAx  +  oJb*  +  djc,  »  0,  0  i  t  5.  ' >  (25a) 

B-B.  '0.  0<t<l,  (25b) 

(uJe,  +  u]^Cx)o  ■  0,  (25c) 

+  fx‘^.),  =  0,  (25d) 

C  -  C*  -  0,  (25e) 

E  -  E*  -  0,  (25f) 

(Ax  -  E.)o  -  0,  (25g) 

(A.  -  F*),  -  0.  (25h) 

Let  the  following  substitutions  be  employed: 

A*(t)  -  A(t),  Oit<l,  (26a) 

B,{t)  -  B(t),  Oltll.  (26b) 

C*  -  C,  (26c) 
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A(0), 

(26d) 

A(l). 

(26e) 

Then,  one  can  readily  verify  that  the  feasibility  equations  and  the  opttnallty  conditions  of  Problem  (GD) 
reduce  to  the  optimality  conditions  and  the  feasibility  equations  of  Problem  (GP),  respectively.  Clearly, 
after  the  transformation  (26)  Is  applied,  the  solution  of  Problem  (GD)  yields  the  solution  of  Problem 
(GP)  and  viceversa.  This  means  that  the  multipliers  X(t),  o,  u  associated  with  the  gradient  phase  of 
SGRA  are  endowed  with  a  duality  property:  They  also  mlnlmlie  the  quadratic  functional  (21),  subject  to 
(22),  for  given  state,  control,  and  parameter. 

Restoration  Phase:  Problem  (RD).  Minimize  the  quadratic  functional 

IpD  =  (l/2)[|VBdt  +  C^C  +  e'^E)  -  (27) 

with  respect  to  the  vectors  X(t),  o,  v  and  B(t),  C.  E  which  satisfy  the  linear  constraints 


X  -  dj,x  =  0, 

0  <  t  <  1, 

(28a) 

P^x  +  B  =  0, 

0  <  t  <  1, 

(28b) 

|^<i^Xdt  +  (i^^o)p  +  ('('TPh  +  B  =  0, 

(28c) 

(-X  +  +  E  “  0* 

(28d) 

(X  +  *  0. 

(28e) 

From  calculus  of  variations,  1t  1s  known  that  Problem  (RD)  Is  of  the  Bolza  type.  It  can  be 
recast  as  that  of  minimizing  the  augmented  functional 


"^RO  ■  *RD  *  •■RD’ 


(29) 


subject  to  (28),  where  Ipp  denotes  the  Lagranglan  functional 
LrO  *  -  |^Bl(*yX  +  B)dt 

T 

-  +  (vlg  +  (♦jP^l  * 

-  eJK-X  +  Uj^o)(j  +  El  -  f][(X  +  4i^u)i. 


(30) 


In  Eq.  (30),  A„(t)  denotes  an  n-vector  Lagrange  multiplier,  6„(t)  an  m-vector  Lagrange  multiplier,  C„ 
a  p-vector  Lagrange  multiplier,  E.  an  n-vector  Lagrange  multiplier,  and  F*  an  n-vector  Lagrange 
multiplier. 

The  first-order  optimality  conditions  for  Problem  (RD)  take  the  form 


A»  +  djAtt  dje*  +  djc,  +  (x  +  ♦)  -  0, 


B  -  B,  .  0, 

(uJe*  +  Ullc,  ♦  u)n  •  0, 


0  <  t  <  1, 
0  <  t  <  1, 


(31a) 

(31b) 


(31c) 
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(♦Jf,  +  +  4))^  •  0,  (31d) 

C  -  C,  •  0.  (31e) 

E  -  E*  -  0.  (31f) 

(A.  -  E.)o  •  0.  (31g) 

(A*  -  F.),  -  0.  (31h) 

Let  the  following  substitutions  be  employed: 

A, (t)  =■  A(t),  (32a) 

B, (t)  -  B(t),  Oltl’.  (32b) 

C,  =  C.  (32c) 

E*  •  A(0).  (32d) 


F.  =  A(1). 


(32e) 


Then,  one  can  readily  verify  that  the  feasibility  equations  and  the  optimality  conditions  of  Problem 
(RD)  reduce  to  the  optimality  conditions  and  tlic  feasibility  equations  of  Problem  (RP),  respectively. 
Clearly,  after  the  transformation  (32)  Is  applied,  the  solution  of  Problem  (RD)  yields  the  solution  of 
Problem  (RP)  and  viceversa.  This  means  that  the  multipliers  X(t),  o,  u  associated  with  the  restorat¬ 
ion  phase  of  SGRA  are  endowed  with  a  duality  property:  They  also  minimize  the  quadratic  functional 
(27),  subject  to  (28),  for  given  state,  control,  and  parameter. 

2.7.  LTP-BVP  FOR  THE  PRIMAL  FORMULATION 

He  return  to  the  primal  formulation  and  present  a  procedure  for  solving  the  linear,  two-point 
boundary-value  problems  (LTP-BVP)  associated  with  both  the  gradient  phase  [Eqs.  (10)  and  (13))  and  the 
restoration  phase  (Eqs.  (15)  and  (18)]. 

Gradient  Phase.  He  employ  a  backward-forward  Integration  technique  in  combination  with  the 
method  of  particular  solutions  (Refs.  25-28).  The  technique  requires  the  execution  of  b'i'1  Independent 
sweeps  of  the  differential  system  (10)  and  (13),  each  characterized  by  a  different  value  of  the 
multiplier  p.  Here,b  denotes  the  number  of  final  conditions. 

The  generic  sweep  Is  started  by  assigning  particular  values  to  the  components  of  the  multiplier 
u.  Then,  the  multiplier  X(1)  Is  obtained  from  Eq.  (13e).  Next,  Eq.  (13a)  is  integrated  backward  to 
obtain  the  function  X(t).  Hith  X(t)  known,  Eq.  (13b)  Is  employed  to  obtain  the  function  B(t).  The 
multiplier  o  is  obtained  from  the  relation 


<Vx  *  Vm^O®  * 


♦^X)dt  +  (h^)g  +  (g^  +  *  •“x*"' 


h.)ln  ■  0. 


(33) 


which  arises  by  combining  (10b),  (13c),  (13d).  Hith  a  known,  Eq.  (13c)  Is  employed  to  compute  C  and 
Eq.  (13d)  Is  employed  to  compute  A(0).  Then,  the  function  A(t)  Is  obtained  by  forward  Integration  of 
Eq.  (10a),  subject  to  the  computed  values  for  C  and  A(0).  In  this  way,  the  sweep  Is  completed.  It  leads 
to  satisfaction  of  all  the  equations  of  the  system  (10)  and  (13),  except  Eq.  (10c).  This  Is  because  the 
values  assigned  to  the  components  of  the  multiplier  u  are  arbitrary. 
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In  order  to  satisfy  Eq.  (10c),  and  because  the  system  (10)  and  (13)  Is  nonhomogeneous .  b+1 
Independent  sweeps  must  be  executed  employing  b+1  different  multiplier  vectors  Uf,  1  '  1,2,...,  b,  b+1. 

The  first  b  sweeps  are  executed  by  choosing  the  vectors  Ui,  U2«  ••••  Uj,  to  be  the  columns  of  the  identity 
matrix  of  order  b.  The  last  sweep  Is  executed  by  choosing  to  be  the  null  vector.  As  a  result,  one 
generates  the  functions  and  multipliers 

11^(T),  0^(t),  ,  X^(t),  ,  u^,  1  “  1,2,...,  b,  b+1.  (34) 

Next,  we  form  the  following  matrices,  each  having  b+1  columns: 


A(t)  -  (A,(t), 

Ajit) . A,,(t),  A,^,(t)l, 

(35a) 

B(t)  >  [B,(t), 

(35b) 

C  >  IC,,  C2, 

•  ••••  ^b’  ^b+l’’ 

(35c) 

X(t)  -  IX, (t). 

X2(t) . X,j(t),  Xb+ll‘>l* 

(35d) 

3  =  [oj,  Oj, 

. °b*  ‘'b+l'’ 

(35e) 

U  ■  (u, ,  U2' 

. Pb*  ‘^b+l’- 

(35f) 

Note  that  u  ■  (1,01,  where  I  Is  the  Identity  matrix  of  order  b  and  0  Is  the  null  vector  of  dimension  b. 


Also,  we  Introduce  the  vectors 

k  •  Ik,,  k2. 

...,  k,j,  k,^,]^. 

(36a) 

U  •  (1,1,  ... 

,  1,11^. 

(36b) 

each  having  b+1  elements. 

If  the  method  of  particular  solutions  Is  employed  (Refs.  25-28),  the  general  solution  of  the 
system  (10)  and  (13)  can  be  written  In  the  form 

A(t)  -  A(t)k,  B(t)  =  §(t)k,  C  -  Ck,  (37a) 

X(t)  =  A(t)k,  o  •  ok,  u  *  uk,  (37b) 

with  the  following  understanding:  the  components  of  the  vector  k  must  satisfy  the  scalar  normalization 
condition 

U^k  .  1.  (38a) 

as  well  as  the  vector  relation 

(♦Ja  +  *Jc),k  •  0,  (38b) 

which  forces  the  satisfaction  of  Eq.  (10c).  Since  the  system  (38)  has  dimension  b+1,  the  components  of 
the  vector  k  can  be  computed.  With  k  known,  Eqs.  (37)  yield  the  solution  of  the  LTP-BVP  (10)  and  (13). 

Restoration  Phase.  We  employ  a  backward-forward  Integration  technique  In  combination  with  the 
method  of  particular  solutions  (Refs.  25-28).  The  technique  requires  the  execution  of  b+1  independent 
sweeps  of  the  differential  system  (IS)  and  (18),  each  characterized  by  a  different  value  of  the 


■uUlpller  u.  Here,  b  denotes  the  nuaber  of  final  conditions. 

The  generic  sneep  Is  started  by  assigning  particular  values  to  the  coisponents  of  the  multiplier 
w.  Then,  the  sultlpller  X(1)  Is  obtained  from  Eq.  (T8e).  Next.  Eq.  (18a)  Is  Integrated  backward  to 
obtain  the  function  X(t).  With  X(t)  known.  Eq.  {18b)  Is  employed  to  obtain  the  function  B(t).  The 
multiplier  o  Is  obtained  from  the  relation 


/; 


♦,xdt  +  (#jP),I  -  (u^x  +  u)(j  -  0, 


(39) 


which  arises  by  combining  (15b).  (18c),  (18d).  With  o  known.  Eq.  (ISc)  Is  employed  to  compute  C  and 
Eq.  (18d)  Is  employed  to  compute  A(0).  Then,  the  function  A(t)  Is  obtained  by  forward  Integration  of 
Eq.  (15a).  subject  to  the  computed  values  for  C  and  A(0).  In  this  way,  the  sweep  Is  completed.  It  leads 
to  satisfaction  of  all  the  equations  of  the  system  (IS)  and  (18),  except  Eq.  (15c).  This  is  because  the 
values  assigned  to  the  components  of  the  multiplier  u  are  arbitrary. 

In  order  to  satisfy  Eq.  (15c),  and  because  the  system  (15)  and  (18)  is  nonhomogeneous,  b+1 

Independent  sweeps  must  be  executed  employing  b+1  different  multiplier  vectors  1  ■  1,2 . b,  b^l. 

The  first  b  sweeps  are  executed  by  choosing  the  vectors  W).  U2 . U|,  to  be  the  columns  of  the  Identity 

matrix  of  order  b.  The  last  sweep  Is  executed  by  choosing  U|^.|  to  be  the  null  vector.  As  a  result,  one 
generates  the  functions  and  multipliers 


A^{t).  6^(t).  .  X^(t).  0^.  u^.  1  ■  1.2.  ....  b,  b+1 . 

Next,  we  form  the  following  matrices,  each  having  b+l  columns: 

A(t)  •  tA,(t).  A2(t) . A^(t).  A^,(t)). 

B(t)  •  tB,(t).  B2(t) . B^(t),  B^,(t)). 

^  '  t'-l*  *"2 . '-b*  ‘-b+l’’ 

X(t)  »  (X,(t),  X2(t) . X^(t).  X^,(t)). 

®  '1<’1.'’2 . '’b’Vl>- 

^  '  h-  “2 . V  Vl’- 

Also,  we  Introduce  the  vectors 

k  ■  [k,,  k^.  ....  k^, 

U  -  [1.1 . 1.1]^. 


(40) 

(41a) 

(41b) 

(41c) 

(41d) 

(41e) 

(41f) 

(42a) 

{42b) 


each  having  brl  elements. 

If  the  method  of  particular  solutions  Is  employed  (Refs.  25-28),  the  general  solution  of  the 
system  (15)  and  (18)  can  be  written  In  the  form 

A(t)  -  A(t)k.  B(t)  •  B(t)k,  C  -  Ck.  (43a) 

X(t)  -  X(t)k,  o  -  3k,  u  ■  uk,  (43b) 


with  the  following  understanding:  the  components  of  the  vector  k  must  satisfy  the  scalar  nonaallzatlon 
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condition 

U^lcl,  (44a) 

as  well  as  the  vector  relation 

(JiJa  +  \|ijc)^k  +  ilij  =  0,  (44b) 

which  forces  the  satisfaction  of  Eq.  (I5c).  Since  the  system  (44)  has  dimension  b+1,  the  components  of 
the  vector  k  can  be  computed.  With  k  known,  Eqs.  (43)  yield  the  solution  of  the  LTP-BVP  (15)  and  (18). 

2.8.  LTP-BVP  FOR  THE  DUAL  FORMULATION 

We  return  to  the  dual  formulation  and  present  a  procedure  for  solving  the  linear,  two-point 
boundary-value  problems  (LTP-BVP)  associated  with  both  the  gradient  phase  [Eqs.  (10)  and  (22)]  and  the 
restoration  phase  (Eqs.  (15)  and  (28)].  In  Section  2.7,  these  equations  were  solved  directly. 

Here,  these  equations  are  solved  Indirectly  by  exploiting  the  duality  properties  established  In  Section 
2.6.  Indeed,  1t  can  be  shown  that  the  execution  of  an  Iteration  of  SGRA  can  be  reduced  to  solving  a 
mathematical  prograamlng  problem  Involving  a  finite  number  of  parameters  as  unknowns.  Hence,  the 
algorithmic  efficiency  of  both  the  gradient  phase  and  the  restoration  phase  of  SGRA  can  be  enhanced. 

Gradient  Phase.  First,  we  consider  Eqs.  (22a)  and  (22e).  We  observe  that,  if  u  is  assigned, 

X(1)  can  be  computed  with  (22e)  and  L(t)  can  be  computed  by  backward  integration  of  (22a).  Next,  we 
execute  b+1  backward  Integrations,  using  Eqs.  (22a)  and  (22e)  In  combination  with  b+1  different  multiplier 
vectors  Uj,  1  ■  1,2,  ...,  b,  b+1.  The  first  b  Integrations  are  executed  by  choosing  the  vectors 
Ui>  U2*  ••••  To  hd  the  columns  of  the  Identity  matrix  of  order  b.  The  last  Integration  is  executed 
by  choosir  .  to  be  the  null  vector.  As  a  result,  one  generates  the  multipliers 


k,(t),  u,,  1  •  1,2, 

,  b,  b+1. 

(45) 

Next,  we  form  the  following  matrices,  each  having  b+1  columns: 

k(t)  •  (X,(t),  ^^(t) . 

(46a) 

(4eb) 

Once  more,  we  note  that  p  ’  (1,0),  where  I  is  the  Identity  matrix  of  order  b  and  0  is  the  null 

of  dimension  b.  Also,  we  Introduce  the  vectors 

vector 

■  ^'‘r''2 . '‘b’  Vl' 

(47a) 

U  -  [1,1 . 1,1)'^, 

(47b) 

each  having  b+1  elements. 

If  the  method  of  particular  solutions  Is  employed  (Refs.  25-28),  the  general  solution  of  Eqs. 
(22a)  and  (22e)  can  be  written  In  the  form 

k(t)  ■  X(t)k,  u  -  uk,  (48) 

with  the  following  understanding:  the  components  of  the  vector  k  must  satisfy  the  scalar  normalization 
condition 
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•  1. 


(49) 


Next.  Me  conbtne  Eqs.  (22b).  (22c).  (22d)  with  Eqs.  (48)  and  obtain  the  relations 

B  -  -fy  -  ♦yXk.  0  1  ‘  1  '•  (50«) 

f’  f’  - 

C  ■  *  (h^Jo  *  *  ^’*’*^1®'''  *  ^“n'o®’ 

E  -  -(h^)o  +  (X)gk  -  (u^)oO.  (50c) 

These  relations  show  that  B(t),  C.  E  depend  only  on  the  parameters  k.  a. 

Finally,  upon  combining  (21)  and  (50),we  obtain  the  following  quadratic  function  of  k,  a: 

Igp  -  (1/2)k^M,k  +  (1/2)o^M2<j  +  k^HjO  +  njk  +  nJo  +  (1/2)L.  (51) 

Here,  the  matrices  Mj,  the  vectors  N^,  N2.and  the  scalar  L  are  known.  They  are  defined  by 

H,  -  [\v)'^(*y3:)dt  +  (x'^X)q  +  t|^^^<<t  +  ('k„),iil’^t|^Vdt  +  (♦^)iiil,  (52a) 


*  l|  4.r^<*t  +  (ili-),Cl^(u)_)n  -  (X'li)  )., 


,rT.. 


0  '' 


'“x'O 


“x'O* 


N,  =  *  (^)0  ^  (9n)l>  ^ 

Na  •  (“I'O'I’V*  *  <^)0  *  (9n>l>  *  <“k>0* 

L  ■  ([’ Vt  .  (h„)g  .  (9„),l''([V<lt  t(h,)g  .  (9j,l  .  j  Vvt  .  (h>^)g 


(52b) 

(52c) 

(52d) 

(52e) 

(52f) 


Because  of  the  duality  property,  the  parameters  k,  a  can  be  obtained  by  minimizing  (51),  subject 
to  (49).  Clearly,  this  auxiliary  minimization  problem  Is  a  mathematical  prograitnl ng  problem. 

Let  B  denote  a  scalar  Lagrange  multiplier  associated  with  the  constraint  (49).  Let  Fgg  denote 
the  augmented  function 


Fgp  =  (l/2)k^H,k  +  (1/2)0^1120  *  k^HjO  ♦  M|k  +  nJo  +  (1/2)L  +  B(U^k  -  1). 


(53) 


With  this  understanding,  the  first-order  optimality  conditions  of  the  auxiliary  minimization  problem  take 
the  form 


C^Go’k  -  <'^Gd)o  '  (5“) 

Hence,  the  values  of  k,  o,  s  are  determined  by  solving  the  following  linear  algebraic  system: 


M,k  +  HjO  +  UB  ♦  N,  "  0. 

(55a) 

Mjk  +  M20  +  N2  -0, 

(55b) 

U^k  -  1  -  0, 

(55c) 

whose  dimension  Is  a+b+2.  Once  k,  o,  B  are  known,  the  multipliers  X(t)  and  v  are  determined  with 
Eqs.  (48).  Then,  B(t),  C,  E  are  obtained  with  Eqs.  (22b),  (22c).  (22d).  Finally,  A(t)  Is  determined  by 
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forward  integration  of  (10a)  subject  to  A(0)  =  E  and  the  computed  value  for  C. 

Restoration  Phase.  First,  we  consider  Eqs.  (28a)  and  (28e).  We  observe  that,  if  w  is  assigned, 
a(1)  can  be  computed  with  (28e)  and  X(t)  can  be  computed  by  backward  integration  of  (28a).  Next,  we 
execute  b  backtvard  integrations,  using  Eqs.  (28a)  and  (28e)  in  combination  with  b  different  multiplier 
vectors  Pj,  1  -  1,2,...,  b.  Specifically,  the  vectors  u^,  ••••  Uj,  are  chosen  to  be  the  columns  of 

the  identity  matrix  of  order  b.  As  a  result,  one  generates  the  multipliers 

X,(t),  p,,  1«1,2 . b.  (56) 

Next,  we  form  the  following  matrices,  each  having  b  columns; 

X(t)  >  [X,(t),  X2(t) . Xj,(t)),  (57a) 


p  =  tp,  >  P2 . .  I'b*' 

we  note  that  p  -  I,  where  I  is  the  identity  matrix  of  order  b.  Also,  we  introduce  the  vectors 

k=[k,,k2 .  kjjl^  (58a) 

U  -  [1,1 . 11,  (58b) 

each  having  b  elements. 

If  the  method  of  complementary  functions  is  employed,  the  general  solution  of  Eqs.  (28a)  and 


(28e)  can  be  written  in  the  form 

X(t)  •  X(t)k,  p  •  pk.  (59) 

Next,  we  combine  Eqs.  (28b),  (28c),  (28d)  with  Eqs.  (59)  and  obtain  the  relations 

B  »  -♦yXk,  0  i  t  i  '  > 

f’  - 

C  -  ('(’jliUlk  -  (m^)oO.  (60b) 

E  =  (A)(,k  -  (u.^)ga.  (60c) 

These  relations  show  that  B(t),  C,  E  depend  only  on  the  parameters  k,  o. 


Finally,  upon  combining  (27)  and  (60),  we  obtain  the  following  quadratic  function  of  k,o; 


Ipp  =■  (l/2)k^M,k  +  (1/2)Jm2‘'  *  *  '*l‘'  *  ’'e'’- 

Here,  the  matrices  H^,  M2,  Hj  and  the  vectors  N^,  N2  are  known.  They  are  defined  by 

”2  ‘  ^“x“x  *  “7r“ir^0’ 

"3  '  ‘IpV**^  *  <*n'l“>^^“x>0  ■ 

N,  -  -|V(i;  +  ♦)dt  -  (ii^*),,  (62d) 

N2  -  -(a))o.  (62e) 
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Because  of  the  duality  property,  the  parameters  k,  o  can  be  obtained  by  minimizing  (61). 
Clearly,  this  auxiliary  minimization  problem  Is  a  mathematical  prograimnlng  problem,  whose  first-order 
optimality  conditions  take  the  form 

(Wk  ■  “•  'Wa  -  “• 


Hence,  the  values  of  k.  o  are  determined  by  solving  the  following  linear  algebraic  system: 


Hjk  +  H2O  +  Nj 


0. 

0. 


(64a) 

(64b) 


whose  dimension  Is  a+b.  Once  k,  a  are  known,  the  multipliers  A(t)  and  u  are  determined  with  Eqs.  (59). 
Then,  B(t),  C,  E  are  obtained  with  Eqs.  (28b).  (28c),  (28d).  Finally,  A(t)  is  determined  by  forward 
Integration  of  (15a),  subject  to  A(0)  ~  E  and  the  computed  value  for  C. 


2.9.  STEPSIZE  DETERMINATION 

The  procedure  for  determining  the  basic  functions  A(t).  B(t),  C  Is  different,  depending  on 
whether  the  primal  formulation  or  the  dual  formulation  Is  employed.  However,  the  basic  functions  A(t), 
B(t),  C  are  the  same,  regardless  of  whether  the  primal  formulation  or  the  dual  formulation  Is  used.  Hence, 
the  rules  for  the  determination  of  the  stepsize  are  conrnon  to  both  the  primal  formulation  and  the  dual 
formulation. 

Gradient  Stepsize.  With  the  functions  A(t),  B(t),  C  known,  the  one-parameter  family  of  varied 
functions  (8)  can  be  formed.  For  this  family,  the  functionals  I,  J,  P  take  the  following  form: 


I  •  1(a),  J  •  3(a),  P  "  P(a). 


(65) 


Then,  the  gradient  stepsize  a  Is  computed  by  a  one-dimensional  search  on  the  function  J(a)  until  the 
following  relations  are  satisfied: 


3(a)  <  3(0), 


(66a) 


P(a)  <  P.. 


(66b) 


where  P*  Is  a  preselected  number,  not  necessarily  small. 

The  simplest  way  of  ensuring  satisfaction  of  (66)  1s  to  employ  a  bisection  process,  starting 
from  the  reference  stepsize  a  =  a^.  In  turn,  the  reference  stepsize  0^^  can  be  obtained  by  the  combination 
of  a  scanning  process  and  a  cubic  Interpolation  process.  H1th  the  scanning  process,  one  brackets  the 
minimum  point  of  the  function  3(a).  With  the  cubic  Interpolation  process,  either  single-step  or  multi- 
step,  one  obtains  an  approximation  to  the  reference  stepsize  a^j.  This  Is  the  stepsize  which  yields  the 
minimum  of  the  cubic  approximation  to  3(a), 

The  details  of  the  one-dimensional  search  can  be  found  In  Refs.  15-24  and  related  publications. 
They  are  omitted  here,  for  the  sake  of  brevity. 

Restoration  Stepsize.  With  the  functions  A(t),  B(t),  C  known,  the  one-parameter  family  of  varied 
functions  (8)  can  be  formed.  For  this  family,  the  functional  P  takes  the  following  form: 


P  -  P(o). 


(67) 
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Then,  the  restoration  stepsize  a  is  computed  by  a  one-dimensional  search  on  the  function  (67)  until  the 
following  relation  is  satisfied: 

P(a)  <  P(0).  (68) 

The  simplest  way  of  ensuring  satisfaction  of  (68)  is  to  employ  a  bisection  process,  starting 
from  the  reference  stepsize  o  =  a^.  Here,  the  correct  reference  stepsize  is  =  1,  in  that  it  yields 
one-step  restoration  if  the  constraints  (2)  are  linear. 

2.10.  SUHHARV  OF  THE  SEQUENTIAL  GRAOIENT-RESTORATION  ALGORITHM 

The  sequential -gradient  restoration  algorithm  involves  a  sequence  of  two-phase  cycles,  each 
cycle  including  a  gradient  phase  and  a  restoration  phase.  In  a  complete  gradient-restoration  cycle,  the 
value  of  the  functional  is  decreased,  while  '.he  constraints  are  satisfied  to  a  predetermined  accuracy; 
in  the  gradient  phase,  the  value  of  the  augmented  functional  is  decreased,  while  avoiding  excessive 
constraint  violation;  in  the  restoration  phase,  the  constraint  error  is  decreased,  while  avoiding 
excessive  change  in  the  value  of  the  functional. 

It  must  be  noted  that,  while  the  gradient  phase  involves  a  single  iteration,  the  restoration 
phase  might  involve  several  iterations.  The  decision  of  whether  to  execute  a  gradient  iteration  or  a 
restorative  iteration  is  based  on  the  measurement  of  a  single  scalar  quantity,  the  constraint  error  P, 
given  by  Eq.  (6a).  If  the  constraint  error  satisfies  Ineq.  (7a),  a  gradient  Iteration  is  executed;  if 
the  constraint  error  violates  Ineq.  (7a),  a  restorative  Iteration  is  executed. 

For  both  gradient  iterations  and  restorative  iterations,  the  following  terminology  is  employed: 
x(t),  u(t),  IT  denote  the  nominal  functions;  x(t),  u(t),  S  denote  the  varied  functions;  ix(t),  iu(t),  hv 
denote  the  perturbations  leading  from  the  nominal  functions  to  the  varied  functions;  and  A(t),  B(t),  C 
denote  the  perturbations  per  unit  stepsize  a.  Then,  the  following  relations  hold: 

x(t)  «  x(t)  +  Ax(t)  =■  x(t)  +  aA(t),  (69a) 

u(t)  =  u(t)  +  bu(t)  =  u(t)  +  aB(t),  (69b) 

ii  =  IT  +  in  =  II  +  aC.  (69c) 

Thus,  each  iteration  Involves  two  distinct  operations:  (i)  the  determination  of  the  basic  functions  A(t), 
B(t),  C;  and  (11)  the  determination  of  the  stepsize  a. 

Depending  on  whether  the  primal  formulation  is  used  or  the  dual  formulation  is  used,  one  obtains 
a  primal  sequential  gradient-restoration  algoritim  (PSGRA)  or  a  dual  sequential  gradient-restoration 
algorithm  (DSGRA). 

Gradient  Iteration.  Us  objective  is  to  reduce  the  augmented  functional  J,  while  the  constraints 
are  satisfied  to  first  order. 

Step  1.  Assune  nominal  functions  x(t),  u(t),  n  which  satisfy  the  constraints  (2)  within  the 
predetermined  accuracy  (7a). 

Step  2.  For  the  nominal  functi'n..,  compute  the  basic  functions  A{t),  B(t),  C  using  either  the 
procedure  of  Sections  2.5  and  2.7  (primal  formulation)  or  the  procedure  of  Sections  2.6  and  2.8  (dual 
formulation). 
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Step  3.  With  the  functions  A(t),  B(t),  C  known,  detennlne  the  gradient  stepsize  a  with  the 
procedure  of  Section  2.9. 

Step  4.  Once  the  gradient  stepsize  a  Is  known,  compute  the  varied  functions  Hit),  3(t),  ii 
with  Eqs.  (69).  In  this  way,  the  gradient  Iteration  Is  completed. 

Restorative  Iteration.  Its  objective  Is  to  reduce  the  constraint  error  P,  while  the  constraints 
are  satisfied  to  first  order  and  the  norm  squared  of  the  variations  of  the  control  vector,  the  parameter 
vector,  and  the  Initial  state  vector  Is  minimized. 

Step  1.  Assume  nominal  function'  x(t),  u(t),  m  which  violate  at  least  one  of  the  constraints  (2). 

Step  2.  For  the  nominal  functions,  compute  the  basic  functions  A(t),  B(t),  C  using  either  the 
procedure  of  Sections  2,5  and  2.7  (primal  formulation)  or  the  procedure  of  Sections  2.6  and  2.8  (dual 
formulation). 

Step  3.  With  the  functions  A(t),  B(t),  C  known,  determine  the  restoration  stepsize  a  with  the 
procedure  of  Section  2.9. 

Step  4.  Once  the  restoration  stepsize  a  is  known,  compute  the  varied  functions  i!(t),  u(t),  r 
with  Eqs.  (69).  In  this  way,  the  restorative  Iteration  Is  completed. 

gradient  Phase.  The  gradient  phase  Includes  a  single  gradient  Iteration.  Hence,  the  gradient 
phase  Is  the  same  as  the  gradient  Iteration  discussed  previously. 

Restoration  Phase.  The  restoration  phase  might  Include  several  restorative  Iterations.  In  each 
restorative  Iteration,  the  constraint  error  Is  reduced  In  accordance  with  Ineq.  (68).  The  restoration 
phase  Is  terminated  whenever  the  constraint  error  reaches  a  level  compatible  with  Ineq.  (7a). 

Gradient-Restoration  Cycle.  As  stated  before,  a  complete  gradient-restoration  cycle  Includes  a 
gradient  phase  and  a  restoration  phase.  After  a  restoration  phase  Is  completed,  one  must  verify  whether 
the  following  Inequality  Is  satisfied: 

I  <  I:  (70) 

here,  I  denotes  the  value  of  the  functional  (1)  at  the  end  of  the  present  restoration  phase  and  I  denotes 
the  value  of  the  functional  (1)  at  the  end  of  the  previous  restoration  phase.  If  Ineq.  (70)  is  satisfied, 
one  starts  the  next  cycle  of  the  sequential  gradient-restoration  algorithm.  If  Ineq.  (70)  is  violated, 
one  returns  to  the  previous  gradient  phase  and  reduces  the  gradient  stepsize  (using  a  bisection  process) 
until,  after  restoration,  the  functional  I  finally  decreases. 

Starting  Condition.  The  present  algorithm  can  be  started  with  nominal  functions  x(t),  u(t),  x 
which  either  violate  the  constraints  (2)  or  satisfy  the  constraints  (2).  If  the  nominal  functions  violate 
Ineq.  (7a),  the  algorithm  starts  with  a  restoration  phase;  hence,  the  first  cycle  Is  a  half  cycle  Involv¬ 
ing  only  a  restoration  phase.  If  the  nominal  functions  satisfy  Ineq.  (7a),  the  algorithm  starts  with  a 
gradient  phase;  hence,  the  first  cycle  Is  a  complete  cycle.  Involving  both  a  gradient  phase  and  a  rest¬ 
oration  phase. 

Stopping  Conditions.  The  present  algorithm  Is  terminated  whenever  Ineqs.  (7a)  and  (7b)  are 
satisfied  simultaneously.  Mote  that  Ineq.  (7a)  Is  verified  at  the  end  of  a  restoration  phase/beginning  of 
a  gradient  phase.  On  the  other  hand,  Ineq.  (7b)  must  be  verified  at  the  beginning  of  a  gradient  phase, 
after  the  multipliers  k(t),  o,  u  are  computed  and  before  the  search  for  the  gradient  stepsize  Is  executed. 


I 


L 
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2.11.  PRIMAL-DUAL  PROPERTIES 

Some  simple  relations  hold  between  the  values  of  the  functionals  associated  with  the  primal 
formulation  and  the  values  of  the  functionals  associated  with  the  dual  formulation.  These  relations  are 
stated  below  without  proof. 

For  the  gradient  phase,  the  functionals  Igp  and  Ig^,  associated  with  Problems  (GP)  and  (GD), 
satisfy  the  relation 


‘GP 


^GD  "  °- 


(71) 


For  the  restoration  phase,  the  functionals  I^p  and  Ipp,  associated  with  Problems  (RP)  and  (KD), 
satisfy  the  relation 


‘RP 


2.12.  REMARK 


(72) 


For  a  complete  gradient-restoration  cycle,  the  satisfaction  of  Ineq.  (70)  Is  guaranteed  by  the 
different  order  of  magnitude  of  the  variations  of  the  gradient  phase  and  those  of  the  restoration  phase. 
If  og  Is  the  gradient  stepsize  and  Op  Is  the  restoration  stepsize.  It  can  be  shown  that  the  variations  of 

2 

the  gradient  phase  are  of  0{ag),  while  those  of  the  restoration  phase  are  of  OtopOg).  Hence,  if  the 
gradient  stepsize  Og  Is  sufficiently  small,  the  restorative  corrections  are  negligible  by  comparison  with 
the  gradient  corrections.  This  means  that  the  descent  property  for  the  gradient  phase  Implies  a  descent 
property  for  a  complete  gradient-restoration  cycle. 


PART  3.  optimal  AIRCRAFT  TRAJECTORIES  FOR  MINDSHEAR  aiOTT 


3  1.  OUTLIHE 

In  Part  3,  Me  present  the  application  of  the  dual  sequential  gradient-restoration  algorlthn 
(DS6RA)  to  the  determination  of  optimal  flight  trajectories  In  the  presence  of  windshear.  Both  take-off 
trajectories  and  abort  landing  trajectories  are  discussed. 

Section  3.2  contains  the  notations,  and  Section  3.3  contains  some  general  considerations  relat¬ 
ive  to  flight  In  a  windshear.  The  equations  of  motion  are  given  In  Section  3.4,  and  the  system  descript¬ 
ion  Is  given  In  Section  3.5. 

Optimal  trajectories  are  discussed  In  Section  3.6  for  the  take-off  problem  and  In  Section  3.7 
for  the  abort  landing  problem.  A  comparison  between  the  optimal  trajectories,  the  constant  pitch  traject¬ 
ories,  and  the  maximum  angle  of  attack  trajectories  Is  presented  In  Section  3.8.  Finally,  the  survival 
capability  of  an  aircraft  In  a  severe  windshear  Is  discussed  In  Section  3.9. 

3.2.  NOTATIONS 

Throughout  Part  3,  the  British  engineering  system  Is  employed  [the  basic  units  are  the  Toot,  the 
pound  (weight), and  the  second].  The  following  scalar  notations  are  employed: 


Cd 

- 

drag  coefficient; 

a 

relative  angle  of  attack  (wing),  rad; 

Cl 

= 

lift  coefficient; 

“e 

- 

absolute  angle  of  attack  (wing),  rad; 

0 

- 

drag  force,  lb; 

a 

- 

engine  power  setting; 

9 

■= 

acceleration  of  gravity,  ft  sec  ; 

Y 

= 

relative  path  Inclination,  rad; 

h 

s 

altitude,  ft; 

^e 

At 

absolute  path  Inclination,  rad; 

L 

AS 

lift  force,  1b; 

S 

m 

thrust  Inclination,  rad; 

m 

M 

-1  2 
mass,  lb  ft  sec  ; 

9 

e 

pitch  attitude  angle  (wing),  rad; 

S 

» 

2 

reference  surface,  ft  ; 

A 

m 

wind  Intensity  parameter; 

t 

S 

time,  sec; 

P 

s 

air  density,  1b  ft"^  sec^; 

T 

S 

thrust  force,  lb; 

T 

9 

final  time,  sec; 

V 

relative  velocity,  ft  sec"'; 

ARL 

s 

aircraft  reference  line; 

''e 

absolute  velocity,  ft  sec*'; 

CPT 

= 

constant  pitch  trajectory; 

W 

mg  =■  weight,  lb; 

LAC 

landing  configuration; 

“h 

= 

h-component  of  wind  velocity,  ft  sec"'; 

HAAT 

= 

maximum  angle  of  attack  trajectory; 

“x 

X'component  of  wind  velocity,  ft  sec"'; 

OT 

optimal  trajectory; 

X 

= 

horizontal  distance,  ft; 

TOC 

take-off  configuration. 

3.3, 

FLIGHT  IN  A  WINDSHEAR 

Low-altitude  windshear  1s  a  threat  to  the  safety  of  aircraft  In  take-off  or  landing  (Refs.  31-60) 

Over  the  past  20  years,  some  30  aircraft  accidents 

have  been  attributed  to  windshear.  The  most  notorious 

ones 

are 

the  crash  of  PANAM  Flight  759  on  July  9. 

1982  at  New  Orleans  International  Airport  (Boeing  B-727 

In  take-off.  Ref.  33)  and  the  crash  of  Delta  Airlines  Flight  191  on  August  2,  1985  at  Dallas-Fort  Worth 
International  Airport  (Lockheed  L-1011  In  landing.  Refs.  39-40). 

Low-altitude  windshear  is  usually  associated  with  a  severe  meteorological  phenomenon,  called 
the  downburst  (Fig.  1).  In  turn,  a  dOMiburst  Involves  a  descending  column  of  air,  which  then  spreads 
horizontally  In  the  neighborhood  of  the  ground.  This  condition  Is  hazardous,  because  an  aircraft  In 
take-off  or  landing  might  encounter  a  headwind  coupled  with  a  downdraft,  followed  by  a  tailwind  coupled 
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with  a  downdraft.  The  transition  from  headwind  to  tailwind  engenders  a  transport  acceleration,  and  hence 
a  windshear  Inertia  force  (the  product  of  the  transport  acceleration  and  the  mass  of  the  aircraft).  In 
turn,  the  windshear  Inertia  force  can  be  as  large  as  the  drag  of  the  aircraft,  and  In  some  cases  as  large 
as  the  thrust  of  engines.  Hence,  an  Inadvertent  encounter  with  a  low-altitude  windshear  can  be  a 
serious  problem  for  even  a  skilled  pilot. 

If  the  windshear  can  be  predicted,  the  best  way  to  deal  with  the  problem  Is  avoidance.  Both  the 
take-off  and  the  landing  should  be  delayed  until  the  weather  conditions  Improve.  However,  because  wind- 
shear  exists  only  for  a  short  time  and  It  happens  locally  and  randomly,  sometimes  avoidance  Is  not 
possible  and  an  Inadvertent  encounter  takes  place. 

Research  on  optimal  trajectories  Is  Important  for  developing  guidance  schemes  and  piloting 
strategies  for  flight  In  a  windshear.  However,  optimal  trajectories  are  difficult  to  Implement,  for  the 
following  reasons:  (1)  for  the  computation  of  optimal  trajectories,  global  Information  on  the  wind  field 
Is  required,  while  global  measurements  are  not  available  In  today's  technique:  (11)  the  rapid  computation 
of  optimal  trajectories  Is  beyond  present  onboard  computer  capability.  Although  the  optimal  trajectories 
are  not  implementable,  they  provide  criteria  for  developing  guidance  trajectories  which  approximate  the 
optimal  trajectories.  Thus,  the  windshear  performance  of  an  optimal  trajectory  sets  up  a  benchmark;  with 
this  benchmark,  the  relative  merits  of  different  guidance  schemes  and  piloting  strategies  can  be  evaluated. 
3.4.  EQUATIONS  OF  MOTION 

Me  make  use  of  the  relative  wind-axes  system  (Fig.  2)  In  connection  with  the  following  assumpt¬ 
ions;  (a)  the  aircraft  Is  a  particle  of  constant  mass;  (b)  flight  takes  place  In  a  vertical  plane;  (c) 
Newton's  law  Is  valid  In  an  Earth-fixed  system;  and  (d)  the  wind  flow  field  Is  steady. 

Kith  above  premises,  the  equations  of  motion  Include  the  kinematical  equations 


X  •  VcoSY  +  Wjj,  (73a) 

h  -  VsIrtY  +  Wjj,  (73b) 

and  the  dynamical  equations 

V  =  (T/m)cos(a  +  4)  -  0/m  -  gslny  -  (Wj^cosy  *  Hj^slny),  (74a) 

Y  =  (T/mV)s1n(a  +  6)  +  L/mV  -  (g/V)c0SY  +  (l/V)(Wj|SlnY  -  Hj^cosy).  (74b) 


Because  of  assumption  (d),  the  total  derivatives  of  the  wind  velocity  components  and  the  corresponding 


partial  derivatives  satisfy  the  relations 

(3Mjj/3x)(Vcosy  +  Wj,)  +  (3Mjj/3h)(Vs1nY  +  H^),  (75a) 

(3H^/3x)(VcOsy  +  H^)  +  (3H^/3h)(VsinY  +  M^).  (75b) 

These  relations  must  be  supplemented  by  the  functional  relations 

T  •  T(h,V,6),  (76a) 

0  •  0(h,V,o),  (76b) 

L  ■  L(h,V,o),  (76c) 
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-  H^(x.h).  (m 

“h  *  Hhf**'')' 

and  by  the  analytical  relations 

•  arctanKVsiny  H|j)/(Vcosy  +  (77a) 

e  •  a  +  Y-  (77b) 


For  a  given  value  of  the  thrust  Inclination  4,  the  differential  system  (73)-(76)  Involves  four  state 
variables  (the  horizontal  distance  x(t),  the  altitude  h(t),  the  velocity  V(t).  and  the  relative  path 
Inclination  Y(t)l  and  two  control  variables  (the  angle  of  attack  a(t)  and  the  power  setting  B(t)]. 
However,  the  number  of  control  variables  reduces  to  one  (the  angle  of  attack).  If  the  power  setting  Is 
specified  In  advance.  The  quantities  defined  by  the  analytical  relations  (77)  can  be  computed  a  post¬ 
eriori,  once  the  values  of  the  state  and  the  control  are  known. 

Angle  of  Attack  Bounds.  The  angle  of  attack  a  and  its  time  derivative  a  are  subject  to  the 
Inequalities 


vl 

t) 

(78a) 

-a,  <  o  <  a*. 

(78b) 

where  a„  Is  a  prescribed  upper  bound  and  ^  Is  a  prescribed,  positive  constant. 

Ineqs.  (78)  are  enforced  Indirectly  via  the  following  transformation  technique: 


a  *  a,  -  u^. 

(79a) 

u  *  -(o,/2u)slnw. 

lu|  le. 

(79b) 

u  *  -(o*/2u)s1n^(iru/2c)s1nw. 

iu|  <  c. 

(79c) 

Here,  u(t),  w(t)  are  auxiliary  variables  and  e  Is  a  small,  positive  constant,  which  Is  Introduced  to 

prevent  the  occurrence  of  boundary  singularities.  Note  that  the  right-hand  sides  of  Eqs.  (79b)-(79c)  are 

continuous  and  have  continuous  first  derivatives  at  jul  *  e.  Clearly,  when  using  Eqs.  (79)  In  conjunction 
with  Eqs.  (73)-(76),  one  must  regard  a(t),  u(t)  as  state  variables  and  w(t)  as  control  variable. 

3.5.  SYSTEM  DESCRIPTION 

In  this  section,  we  supply  an  analytical  specification  of  the  system  functions  (76). 

Thrust,  The  thrust  T  Is  written  In  the  form 


BT„ 

(80a) 

Ag  +  AiV  +  A2V^ 

(80b) 

where  S  1s  the  power  setting  and  T«  Is  a  reference  thrust,  specifically,  the  thrust  corresponding  to  the 
power  setting  3*1. 

In  the  take-off  problem  (Section  3,6),  It  Is  assumed  that  maximum  power  setting  Is  anployed. 


that  Is, 
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B-1.  (81) 

In  the  abort  landing  problem  (Section  3.7),  It  Is  assumed  that  the  power  setting  1s  Increased 
at  a  constant  time  rate  until  maximum  power  setting  Is  reached;  afterward,  the  power  setting  Is  held 
constant.  This  yields  the  relations 


S  •  Bq  +  8(,t, 

0  £  t  ^  0, 

(82a) 

B  =  1. 

^  T. 

(82b) 

Here,  Sq  Is  the  Initial  power  setting,  Bq  Is  the  constant  rate  of  Increase  of  the  power  setting,  a  = 
(1  -  BQ)/Bg  Is  the  time  at  which  maximum  power  setting  Is  reached,  and  t  Is  the  final  time. 

Drag.  The  drag  D  Is  written  In  the  form 


{l/2)C(jpSV^ 

(83a) 

Bq  +  B^a  +  B2a^t 

ct  £  a*. 

(83b) 

where  p  Is  the  air  density  (assumed  constant),  S  Is  a  reference  surface,  V  Is  the  relative  velocity,  and 
Cg  Is  the  drag  coefficient. 

Lift.  The  lift  L  Is  written  In  the  form 


L  =■  (1/2)C^pSVS 

(84a) 

Cl  =  Co  +  C,a, 

a  < 

(84b) 

Cl  *  Cg  +  C,o  +  C2(a  -  o,,)^. 

a*,  <  o  <  o*. 

(84c) 

where  p  Is  the  air  density  (assumed  constant),  S  Is  a  reference  surface,  V  Is  the  relative  velocity,  and 
C|_  Is  the  lift  coefficient. 

Weight.  The  mass  m  of  the  aircraft  Is  regarded  to  be  constant.  Hence,  the  weight 

H  -  mg  (85) 

Is  regarded  to  be  constant. 

Aircraft  Data.  The  numerical  examples  of  the  subsequent  sections  refer  to  a  Boeing  B-727  air¬ 
craft  powered  by  three  JT80-17  turbofan  engines.  It  Is  assuned  that  the  runway  Is  located  at  sea-level 
altitude  and  that  the  ambient  temperature  Is  100  deg  F, 

Two  different  configurations  are  considered,  a  take-off  configuration  (TOC)  and  a  landing 
configuration  (LAC).  For  the  TOC,  It  Is  assumed  that  the  gear  Is  up,  the  flap  setting  Is  •  15  deg, 
and  the  weight  Is  H  -  180,000  1b.  For  the  LAC,  It  Is  assumed  that  the  gear  Is  down,  the  flap  setting  Is 
ip  •  30  deg,  and  the  weight  Is  H  •  150,000  1b. 

Figure  3  shows  the  thrust  function  T,(V);  Fig.  4  shows  the  drag  coefficient  function  Cg(a)  for 
both  the  take-off  configuration  and  the  landing  configuration;  and  Fig.  5  shows  the  lift  coefficient 
function  Cj^(o)  for  both  the  take-off  configuration  and  the  landing  configuration. 

Wind  tiodel.  In  this  paper,  the  following  particular  wind  model  Is  assumed: 

W^  ■  XA(x), 


(86a) 
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Wh  *  X(h/h,)B(x).  (86b) 

with 

X  - 

The  function  A(x)  represents  the  distribution  of  the  horizontal  wind  versus  the  horizontal  distance 
(Fig.  6);  the  function  B(x)  represents  the  distribution  of  the  vertical  wind  versus  the  horizontal 
distance  (Fig.  6);  the  parameter  X  characterizes  the  Intensity  of  the  shear/downdraft  combination; 

Is  the  horizontal  wind  velocity  difference  (maximum  tailwind  minus  maximum  headwind);  -  100  ft  sec”' 
Is  a  reference  value  for  the  horizontal  wind  velocity  difference:  and  h,  -  1000  ft  Is  a  reference  value 
for  the  altitude. 

The  one-parameter  family  of  wind  models  (86)  has  the  following  properties:  (a)  It  represents 
the  transition  from  a  uniform  headwind  to  a  uniform  tailwind,  with  nearly  constant  shear  In  the  core  of 
the  downburst;  (b)  the  downdraft  achieves  maximum  negative  value  at  the  center  of  the  downburst;  (c) 
the  downdraft  vanishes  at  h  =  0;  and  (d)  the  functions  nearly  satisfy  the  continuity  equation 

and  the  Irrotatlonallty  condition  In  the  core  of  the  downburst. 

Decreasing  values  of  X  (hence,  decreasing  values  of  AM^)  correspond  to  milder  windshears; 
conversely.  Increasing  values  of  X  (hence.  Increasing  values  of  AW^)  correspond  to  more  severe  wind- 
shears.  If  one  excludes  the  1983  windshear  episode  at  Andrews  AFB,  the  highest  value  of  X  ever  recorded 
Is  X  =  1.40,  corresponding  to  AM^^  »  140  ft  sec'\  Hence,  values  of  X  In  the  following  range  are 
considered: 

0.3<X<1.4,  (87a) 

corresponding  to  values  of  AH^^  In  the  following  range: 

80  <  AH^  <  140  ft  sec"’.  (87b) 

3.6.  TAKE-OFF  PROBLEM 

For  the  take-off  problem,  we  assume  that:  (1)  maximum  power  setting  Is  employed:  hence,  the  only 
control  Is  the  angle  of  attack;  (11)  the  constraints  (73)-(79)  must  be  satisfied;  (111)  the  Initial 
conditions  are  given;  and  (1v)  at  the  final  point,  gamma  recovery  Is  required,  that  Is, 

■  To  '  Y*.  (88) 

where  y.  Is  the  path  Inclination  for  quasi-steady  steepest  climb  (TOC). 

The  performance  Index  being  minimized  Is  the  peak  value  of  the  modulus  of  the  difference  between 
the  absolute  path  Inclination  and  a  reference  value, 

I  •  maxlYg  -  YjrI  t  0  1*1  Y1  (80) 

h«Y«.  Yg  Is  given  by  Eq.  (77a)  and  •  y^Q  Is  a  reference  value. 

This  Is  a  minimax  problem  or  Chebyshev  problem  of  optimal  control.  It  can  be  reformulated  as  a 
Bolza  problem  of  optimal  control.  In  which  one  minimizes  the  Integral  performance  Index  (Ref.  29) 
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for  large  values  of  the  positive,  even  exponent  g. 

Nuwerlcal  Data.  The  computations  presented  here  refer  to  the  Boeing  8-727  aircraft  powered  by 
three  JT80-17  turbofan  engines.  It  Is  assumed  that;  the  runway  Is  located  at  sea-level  altitude;  the 
ambient  temperature  Is  100  deg  F;  the  gear  Is  up;  the  flap  setting  Is  dp  ■  15  deg;  the  take-off  weight 
Is  W  °  180,000  1b. 

The  Inequality  constraints  (78)  on  the  angle  of  attack  are  enforced  with 


<V  =  16.0  deg,  (91a) 

a,  -  3.0  deg  sec"'  (91b) 

The  following  conditions  are  assumed  at  the  Initial  point: 

Xq  -  0  ft.  (92a) 

hg  =  50  ft,  (92b) 

Vjj  -  164  knots  -  276.8  ft  sec‘\  {92c) 

=  6.989  deg,  (92d) 

and  at  the  final  point: 

*  6.989  deg;  (93a) 

the  final  tine  Is  assumed  to  be 

T  -  40  sec.  (93b) 


For  the  windshear  model  assumed,  this  time  Is  about  twice  the  duration  of  the  windshear  encounter 
(it  •  18  sec). 

Hunerical  Results.  Numerical  results  were  obtained  using  the  dual  sequential  gradient-restoration 
algorithm  (DSGRA)  of  Part  2.  They  are  shown  In  Fig.  7,  which  contains  three  parts:  the  altitude  h  versus 
the  time  t  (Fig.  7A);  the  velocity  V  versus  the  time  t  (Fig.  78);  and  the  angle  of  attack  a  versus  the 
time  t  (Fig.  7C).  From  Fig.  7,  the  following  conments  arise; 

(a)  the  path  Inclination  of  the  optimal  trajectory  decreases  as  the  windshear  Intensity 
Increases;  for  a  severe  windshear,  •  110  ft  sec'',  the  optimal  trajectory  1s  nearly  horizontal  In  the 
shear  region;  In  the  aftershear  region,  the  optimal  trajectory  ascends; 

(b)  the  velocity  decreases  In  the  shear  region  and  Increases  1n  the  aftershear  region;  the 
point  of  minimum  velocity  occurs  at  the  end  of  the  sheer;  the  value  of  the  minimum  velocity  Is  nearly 
Independent  of  the  windshear  Intensity; 

(c)  the  angle  of  attack  exhibits  an  Initial  decrease,  followed  by  a  gradual,  sustained 
Increase;  the  maximum  value  of  the  angle  of  attack  Is  reached  at  about  the  end  of  the  shear;  then,  the 
angle  of  attack  decreases  gradually  In  the  aftershear  region. 
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3.7.  ABORT  LANDIN6  PROBLEM 

For  the  abort  landing  problem,  me  assume  that:  (1)  maximum  power  setting  Is  employed;  namely, 
the  power  setting  Is  Increased  to  the  maximum  value  at  a  constant  time  rate:  aftervmrd,  the  maximum 
value  Is  maintained;  hence,  the  only  control  Is  the  angle  of  attack:  (11)  the  constraints  (73)-(79)  must 
be  satisfied;  (111)  the  Initial  conditions  are  given;  and  (1v)  at  the  final  point,  gamma  recovery  Is 
required,  that  Is, 

•  Y*.  («) 

where  y^,  Is  the  path  Inclination  for  quasi-steady  steepest  climb  (LAC). 

The  performance  Index  being  minimized  Is  the  peak  value  of  the  modulus  of  the  difference  between 
the  Instantaneous  altitude  and  a  reference  value, 

I  •  max|h„  -  hi,  0  <  t  <  t;  (95) 

t  ^  ~ 

here,  hp  «  h*  •  1000  ft  Is  a  constant  reference  value. 

This  Is  a  minimax  problem  or  Chebyshev  problem  of  optimal  control.  It  can  be  reformulated  as  a 

Bolza  problem  of  optimal  control.  In  which  one  minimizes  the  Integral  perfonnance  Index  (Ref.  29) 

J  •  |\h^  -  h)^.  (96) 

for  large  values  of  the  positive,  even  exponent  q. 

Numerical  Data.  The  computations  presented  here  refer  to  the  Boeing  B-727  aircraft  powered  by 
three  JT80-17  turbofan  engines.  It  Is  assumed  that:  the  runway  Is  located  at  sea-level  altitude;  the 
ambient  temperature  Is  100  deg  F;  the  gear  Is  down;  the  flap  setting  Is  •  30  deg;  the  landing  weight 
Is  M  •  150,000  lb. 

The  Inequality  constraints  (78)  on  the  angle  of  attack  are  enforced  with 


a,  •  17.2  deg.  (97a) 

0,  •  3.0  deg  sec"'.  (97b) 

The  following  conditions  are  assumed  at  the  Initial  point: 

Xg  •  0  ft,  (98a) 

hg  •  600  ft,  (98b) 

Vg  •  142  knots  •  239.7  ft  sec"’,  (98c) 

Y,g-3.0  deg,  (98d) 

and  at  the  final  point: 

Y^  ■  7.431  deg;  (99a) 

the  final  time  Is  assumed  to  be 


T  •  40  tec. 


(99b) 
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For  the  windshear  model  assumed,  this  time  Is  about  twice  the  duration  of  the  windshear  encounter 
(at  •  22  sec). 

numerical  Results.  Numerical  results  were  obtained  using  the  dual  sequential  gradient-restoration 
algorithm  (DSGRA)  of  Part  2.  They  are  shown  In  Fig.  8,  which  contains  three  parts:  the  altitude  h  versus 
the  time  t  (Fig.  8A);  the  velocity  V  versus  the  time  t  (Fig.  SB);and  the  angle  of  attack  a  versus  the  time  t 
(Fig.  8C).  From  Fig.  8,  the  following  coiments  arise: 

(a)  the  optimal  trajectory  Includes  three  branches:  a  descending  flight  branch,  followed  by 
a  nearly  horizontal  flight  branch,  followed  by  an  ascending  flight  branch  after  the  aircraft  has  passed 
through  the  shear  region;  the  maximum  altitude  drop  Increases  with  the  windshear  Intensity  and  the 
Initial  altitude; 

(b)  the  velocity  decreases  In  the  shear  region  and  Increases  In  the  aftershear  region;  the 
point  of  minimum  velocity  occurs  at  the  end  of  the  shear;  the  value  of  the  minimum  velocity  Is  nearly 
Independent  of  the  windshear  Intensity; 

(c)  the  angle  of  attack  exhibits  an  Initial  decrease,  followed  by  a  gradual,  sustained 
Increase;  the  maximum  value  of  the  angle  of  attack  Is  reached  at  about  the  end  of  the  shear;  then, 
the  angle  of  attack  decreases  gradually  In  the  aftershear  region, 

3.8.  COMPARISON  OF  TRAJECTORIES 

In  this  section,  we  compare  three  trajectories:  the  optimal  trajectory  (OT),  the  constant  pitch 
trajectory  (CPT),  and  tlie  maximum  angle  of  attack  trajectory  (MAAT).  The  comparison  is  done  for  both  the 
take-off  problem  and  the  abort  landing  problem. 

For  the  take-off  problem,  the  comparison  Is  shown  In  Fig.  9  for  the  windshear  Intensity  4W^  • 

100  ft  sec”'.  Clearly,  the  OT  exhibits  a  monotonfc  climb  behavior,  while  the  CPT  nearly  touches  the 
ground,  and  the  MAAT  crashes. 

For  the  abort  landing  problem,  the  comparison  Is  shown  In  Fig.  10  for  the  windshear  Intensity 
=■  120  ft  sec”'.  Clearly,  the  minimum  altitude  of  the  OT  Is  higher  than  the  minimum  altitude  of  the 
CPT,  which  In  turn  Is  higher  than  the  minimus  altitude  of  the  MAAT.  While  both  the  OT  and  the  CPT  avoid 
the  ground,  the  MAAT  crashes. 

3.9.  SURVIVAL  CAPABILITY 

In  this  section,  we  analyze  the  survival  capability  of  an  aircraft  In  a  severe  windshear. 
Indicative  of  this  survival  capability  Is  the  wlndshear/downdraft  combination  which  results  In  the 
minimum  altitude  being  equal  to  the  ground  altitude. 

To  analyze  this  Important  problem,  we  recall  the  windshear  model  (86),  where  x  Is  a  parameter 
characterizing  the  Intensity  of  the  wlndshear/downdraft  combination.  By  Increasing  the  value  of  .\, 
more  Intense  wlndshear/downdraft  combinations  are  generated  until  a  critical  value  X^  Is  found  such  that 
l^ln  -  0  for  a  particular  trajectory  type. 

More  precisely,  we  consider  the  optimal  trajectory  (OT),  the  constant  pitch  trajectory  (CPT), 
and  the  maximua  angle  of  attack  trajectory  (MAAT)  In  connection  with  both  the  take-off  problem  and  the 
abort  landing  probloa.  The  results  are  shown  In  Tables  1-2,  which  display  the  following  Information:  the 
Initial  altitude  hg;  the  critical  value  of  the  wind  Intensity  parameter  X^.;  the  critical  value  of  the  wind 
velocity  difference  and  the  windshear  efficiency  ratio  WER,  defined  to  be 
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WER  •  (Xj)pT/(Xc)0T  -  (‘MxcW(‘^xc^0r 

Hera,  the  subscript  PT  denotes  a  particular  trajectory  and  the  subscript  OT  denotes  the  optimal  traject¬ 
ory.  It  appears  that,  for  both  the  take-off  problem  and  the  abort  landing  problem,  the  survival  capabi¬ 
lity  of  the  OT  Is  superior  to  that  of  the  CPT,  which  In  turn  Is  superior  to  that  of  the  MAAT. 


) 


I 


Table  1.  Survival  capability  In  take-off. 


Trajectory 

*>0 

(ft) 

^c 

^xc 

(fps) 

HER 

OT 

SO 

1.19S 

119.5 

1.000 

CPT 

SO 

1.018 

101.8 

0.852 

HAAT 

SO 

0.577 

57.7 

0.483 

Table  2. 

Survival  capability  In  abort  landing. 

Trajectory 

"o 

(ft) 

*c 

^«xc 

(fps) 

WER 

OT 

600 

1.871 

187.1 

1.000 

CPT 

600 

1.394 

139.4 

0.745 

MAAT 

600 

0.817 

81.7 

0.437 

Microburst 


Thrust  r,  versus  velocity  V  for  the  Boeing  B-727  aircreft 
(maximum  power  setting,  sea-level  altitude,  ambient 
temperature  ■  100  deg  F), 


HIND(FPS) 


o  ntx) 

A  BIX) 


Fig.  8A.  Optimal  abort  landing  trajectories 
altitude  h  versus  time  t. 


ViFPSl 


O  DWX=10D 
A  DNX=120 
+  DWX=14D 


Fig.  8B.  Optimal  abort  landing  trajectories, 
velocity  V  versus  time  t. 


Fig,  8C.  Optimal  abort  landing  trajectories, 
angle  of  attack  a  versus  time  t. 
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PART  4.  OPTIMAL  SPACECRAR  TRAJECTORIES  FOR  COPLANAR  AEROASSISTED  ORBITAL  TRANSFER 

4.1.  OUTLINE 

In  Part  4,  we  present  the  application  of  the  primal  sequential  gradient-restoration  algorithm 
(PSORA)  to  the  determination  of  optimal  trajectories  for  coplanar  aeroassisted  orbital  transfer  (AOT). 

Section  4.2  contains  the  notations,  and  Section  4.3  contains  some  general  considerations 
relative  to  aeroassisted  orbital  transfer.  The  equations  of  motion  are  given  In  Section  4.4,  and  the 
system  description  Is  given  In  Section  4.5. 

The  performance  Indexes  of  Interest  for  AOT  maneuvers  are  discussed  In  Section  4.6  within  the 
frame  of  three  problems:  minimization  of  the  total  characteristic  velocity;  minimization  of  the  time  In¬ 
tegral  of  the  square  of  the  path  Inclination;  and  minimization  of  the  peak  heating  rate.  The  solutions 
of  these  problems  are  presented  In  Section  4.7.  It  Is  shown  that  these  solutions  are  nearly  Indisting¬ 
uishable  from  one  another  from  the  point  of  view  of  the  total  characteristic  velocity  and  the  peak 
heating  rate. 

4.2.  NOTATIONS 

Throughout  Part  4,  the  metric  system  of  physics  Is  employed  (the  basic  units  are  the  meter,  the 
k11ogram(mass),and  the  second].  The  following  scalar  notations  are  employed: 


^0 

drag  coefficient; 

s 

2 

reference  surface,  m  ; 

‘-00 

= 

zero-lift  drag  coefficient; 

t 

- 

dimensionless  time,  0  £  t  £  1 ; 

Cl 

3 

lift  coefficient; 

V 

=■ 

velocity,  m  sec''; 

0 

3 

drag,  N; 

Y 

* 

path  Inclination,  rad; 

9 

3 

.2 

local  acceleration  of  gravity,  m  sec  ; 

U 

3  -2 

Earth's  gravitational  constant,  m  sec 

h 

• 

altitude,  m; 

P 

- 

air  density.  Kg  m'^; 

H 

- 

height  of  the  atmosphere,  m; 

T 

« 

flight  time,  sec; 

K 

= 

Induced  drag  factor; 

AV 

3 

characteristic  velocity,  m  sec"'. 

L 

- 

lift,  N; 

Subscripts 

m 

mass,  kg; 

0 

entry  Into  the  atmosphere; 

r 

= 

radial  distance  from  the  center  of  the  Earth,  m; 

1 

= 

exit  from  the  atmosphere; 

• 

radius  of  the  Earth,  m; 

00 

exit  from  HEO  (high  Earth  orbit); 

> 

radius  of  the  outer  edge  of  the  atmosphere,  m; 

11 

= 

entry  Into  LEO  (low  Earth  orbit). 

4.3.  AEKOASSISTEU  ORBITAL  TRANSFER 

Since  the  Initial  paper  by  London  (Ref.  71),  considerable  research  has  been  done  un  aeroassisted 
orbital  transfer  (AOT),  especially  on  the  optimization  and  guidance  of  flight  trajectories.  For  surveys 
of  the  state  of  the  art,  see  the  papers  by  Walberg  (Ref.  69)  and  Mease  (Ref.  B6).  See  also  the  Special 
Issue  on  Hypervelocity  Flight  of  the  Journal  of  the  Astronautical  Sciences  (Ref.  70)  and  the  papers  therein 
(Refs.  86-94). 

While  most  of  the  work  on  optimal  trajectories  has  dealt  with  minimum-fuel  transfers  (namely, 
transfers  minimizing  the  total  characteristic  velocity),  the  work  performed  at  Rice  University  under  JPL 
sponsorship  has  dealt  with  transfers  minimizing  alternative  performance  Indexes  (for  Instance,  the  peak 
heating  rate,  the  peak  dynamic  pressure,  and  the  peak  altitude  drop  during  the  atmospheric  part  of  the 
AOT  maneuver).  See  Refs.  80-85. 


* 
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Jn  the  following  sections,  we  summarize  some  of  the  research  done  at  Rice  University  on 
coplanar,  aeroassisted  orbital  transfer  from  high  Earth  orbit  (HEO)  to  low  Earth  orbit  (LEO).  We  employ 
the  following  assumptions:  (i)  the  initial  and  final  orbits  are  circular;  (ii)  two  tangential  impulses 
are  employed,  one  at  HEO  and  one  at  LEO;  (iii)  the  gravitational  field  is  central  and  is  governed  by  the 
inverse  square  law. 

The  four  key  points  of  the  maneuver  are  these:  00  (HEO  exit);  0  (atmospheric  entry);  1  (atmos¬ 
pheric  exit);  11  (LEO  entry).  The  maneuver  starts  with  a  tangential  propulsive  burn,  having  character¬ 
istic  velocity  AVqq,  at  point  00;  here,  the  spacecraft  enters  into  an  elliptical  transfer  orbit,  connect¬ 
ing  the  points  00  and  0.  At  point  0,  the  spacecraft  enters  into  the  atmosphere;  during  the  atmospheric 
pass,  the  velocity  of  the  spacecraft  is  reduced,  due  to  the  aerodynamic  drag.  At  point  1,  the  spacecraft 
exits  from  the  atmosphere;  then,  the  spacecraft  enters  into  an  elliptical  transfer  orbit  connecting  the 
points  1  and  11.  The  maneuver  ends  with  a  tangential  propulsive  burn,  having  characteristic  velocity 
AV-I^,  at  point  11;  here,  the  spacecraft  enters  into  the  low  Earth  orbit,  in  that  the  magnitude  of 
is  such  that  the  desired  circularization  into  LEO  is  achieved. 

4.4.  EQUATIONS  OF  MOTION 

With  reference  to  the  atmospheric  portion  of  the  trajectory  of  an  AOT  vehicle,  the  following 
hypotheses  are  omployed:  (a)  the  flight  is  made  with  engine  shut-off;  hence,  the  AOT  vehicle  behaves  as  a 
particle  of  constant  mass;  (b)  Coriolis  acceleration  terras  and  transport  acceleration  terms  are  neglected; 

(c)  the  aerodynamic  forces  are  evaluated  using  the  inertial  velocity,  rather  than  the  relative  velocity; 

(d)  under  extreme  hypersonic  conditions,  the  dependence  of  the  aerodynamic  coefficients  on  the  Mach 
number  and  the  Reynolds  number  is  disregarded. 

Differential  System.  With  the  above  assumptions,  and  upon  normalizing  the  flight  time  to  unity. 


the  equations  of  motion  are  given  by 

ii'  T(Vs1nYl,  (101a) 

V  =  T[-D/m  -  gsinvl,  (101b) 

Y  =  T[L/mV  +  (V/r  -  g/V)coSY).  (101c) 

In  the  above  equations, 

r  =  r^  +  h,  g  =  u/r^,  (102) 

D  =  (l/2)CppSV^,  L  =  {I/2)C,^oSV^  (103) 


The  density  function  o  ■=  o(h)  can  be  found  in  Ref.  95.  In  particular,  if  a  parabolic  polar  is 
postulated,  the  relation  between  the  drag  coefficent  and  the  lift  coefficient  is  given  by 


Boundary  Conditions.  At  the  entry  into  the  atmosphere  (t  »  0)  and  at  the  exit  from  the  atmosphere 
(t  =  1),  certain  static  and  dynamic  boundary  conditions  must  be  satisfied.  Specifically,  at  atmospheric 
entry,  we  have 

hp  •  H,  (105a) 
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"W  -  vg)  -  +  rfvgcos^Q  =  0.  (105b) 

where  Is  the  circular  velocity  at  r  r^.  In  addition,  at  atmospheric  exit,  we  have 

h^  »  H,  (106a) 

r2i(2v2  -  v2)  -  2r„r,v2  +  r^V^cos^y,  =  0.  (106b) 

Equations  (105a)  and  (106a)  reflect  the  definition  of  thickness  of  the  atmosphere;  Eq.  (105b)  arises  from 
energy  conservation  and  angular  momentum  conservation  applied  to  the  HEO-to-entry  transfer  orbit;  and 
Eq.  (106b)  arises  from  energy  conservation  and  angular  momentum  conservation  applied  to  the  exIt-to-LEO 
transfer  orbit. 

Inequality  Constraints.  To  ensure  that  the  vehicle  enters  Into  the  atmosphere  at  point  0  and 
exits  from  the  atmosphere  at  point  1,  the  terminal  path  Inclinations  Yq.  Yi  must  satisfy  the  Inequality 
constraints 

(’07a) 

Y,  i  0.  {107b) 

These  Inequality  constraints  can  be  converted  Into  equality  constraints  by  means  of  the  Valentine 
transformations 


Yfl  +  n  "  0, 

Y,  -  =  0. 


(108a) 

(108b) 


where  n>  ?  denote  parameters  to  be  determined. 

In  addition,  to  obtain  realistic  solutions,  the  presence  of  upper  and  lower  bounds  on  the  lift 
coefficient  Is  necessary.  Therefore,  the  two-sided  Inequality  constraint 


'"La  i  i  ‘-Lb 


(109) 


must  be  satisfied  everywhere  along  the  interval  of  Integration.  The  above  inequality  constraint  can  be 
converted  into  an  equality  constraint  by  means  of  the  trigonometric  transformation 


Cl  "  (1/2)(Clj  +  Cn,)  +  (1/2)(Cli,  -  CLj)s1nB, 


(110) 


In  which  B(t)  denotes  an  auxiliary  control  variable. 

Summary.  To  sum  up,  the  equations  governing  the  atmospheric  pass  Include  the  differential  system 
(101)-(104),  the  boundary  conditions  (105)-(106),  and  the  Inequality  constraints  (107)  and  (109), 
converted  Into  equality  constraints  by  means  of  the  transformations  (108)  and  (110).  In  this  formulation, 
the  Independent  variable  Is  the  dimensionless  time  t,  0  £  t  £  1.  The  dependent  variables  Include  three 
state  variables  th(t),  V(t),  Y(t)l,  one  control  variable  (B(t)),  and  three  parameters  (t,  n,  C).  After 
a  solution  Is  found  for  the  auxiliary  control  B(t),  the  original  control  CL(t)  Is  recovered  via  Eq.  (110). 
4.5.  SYSTEM  DESCRIPTION 

The  numerical  examples  of  the  subsequent  sections  refer  to  a  spacecraft  characterized  as  follows: 
the  mass  per  unit  reference  surface  Is  m/S  •  300  Kg/m^;  the  zero-lift  drag  coefficient  Is  Cqq  •  0.21; 
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the  induced  drag  factor  is  K  =  1.67;  the  maximum  lift-to-drag  ratio  is  E  =  0.8443;  the  bounds  on  the 

■*  may 

11ft  coefficient  are  =  -0.9  and  C|^|j  =  +0.9. 

For  the  transfer  maneuver,  the  HEO  radius  is  r^jQ  =  2r^  =  12996  Km,  and  the  LEO  radius  is  r|^  = 
r^i  +  60  Km  =  6558  Km. 

The  following  physical  constants  are  used  in  the  computation:  the  radius  of  the  Earth  is 
r^  =  6378  Km;  the  radius  of  the  outer  edge  of  the  atmosphere  is  r^  =  6498  Km;  the  height  of  the  atmosphere 
is  H  -  r^  -  r^  =  120  Km;  and  the  Earth's  gravitational  constant  is  p  =  398600  Km^/sec*^. 

The  atmospheric  model  assumed  is  that  of  the  US  Standard  Atmosphere,  1976  (see  Ref.  95).  In 
this  model,  the  values  of  the  density  are  tabulated  at  discrete  altitudes.  For  intermediate  altitudes, 
the  density  is  computed  by  assuming  an  exponential  fit  for  the  function  p(h). 

4.6.  PERFURriANCE  INDEXES 

Subject  to  the  previous  constraints,  different  AOT  optimization  problems  can  be  formulated,  de¬ 
pending  on  the  performance  index  chosen.  The  resulting  optimal  control  problems  are  either  of  the  Bolza 
type  [see  Problems  (PI)  and  (P2)  below]  or  of  the  Chebyshev  type  (see  Problem  (P3)  belowl 

Problem  (PI).  It  is  required  to  minimize  the  energy  needed  for  orbital  transfer.  A  measure  of 
this  energy  is  the  total  characteristic  velocity  AV,  the  sum  of  the  initial  characteristic  velocity  AVqq 
associated  with  the  propulsive  burn  from  HEO  and  the  final  characteristic  velocity  AV-i^  associated  with 
the  propulsive  burn  into  LEO.  Clearly, 

I  =  AV  =  AVpg  +  AV,,,  (111a) 

with 

'"'OO  '  ''a'^'''a''''00>  '  ''o< V''00)‘=°*'^0’ 

^''ll  “ 

Problem  (P2).  It  is  required  to  minimize  the  time  integral  of  the  square  of  the  path  inclination. 
Here,  the  performance  index  is  given  by 

2 

I  =  ry  dt.  (112) 

h 

The  trajectory  obtained  by  minimizing  the  performance  index  (112)  is  called  nearly-grazing  trajectory. 

Problem  (P3).  It  is  required  to  minimize  the  peak  value  of  the  heating  rate  at  a  particular 
point  of  the  spacecraft,  for  instance,  the  stagnation  point.  The  performance  index  is  given  by 

I  »  PHR  =  max(C^pV^'°®),  (113) 

t 

where  C  is  a  dimensional  constant. 

This  is  a  minimax  problem  or  Chebyshev  problem  of  optimal  control.  It  can  be  reformulated  as  a 
Bolza  problem  of  optimal  control,  in  which  one  minimizes  the  integral  performance  index  (Ref.  29) 

J  •  fT(C7oV^-“®)‘>dt,  (114) 

Jo 

for  large  values  of  the  positive  exponent  q. 
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4.7.  NUMERICAL  SOLUTIONS 

Problens  (P1)-(P3)  were  solved  employlno  the  prIiMl  sequential -gradient  restoration  algorithm 
(PSGRA)  of  Part  2  In  conjunction  with  the  equations  of  motion  of  Section  4.4  and  the  system  data  of 
Section  4.5.  Summary  results  are  shown  In  Tables  3-4.  Table  3  presents  the  values  of  the  performance 
Indexes  (111).  (112).  (113)  for  all  of  the  solutions  of  Problems  (PI).  (P2).  (P3).  Table  4  presents  the 
components  of  the  total  characteristic  velocity  and  the  flight  time.  The  following  comments  are  pertinent; 

(I)  The  solutions  (PI).  (P2).  (P3)  are  nearly  Indistinguishable  from  one  another  from  the 
point  of  view  of  the  total  characteristic  velocity  and  the  peak  heating  rate. 

(II)  The  total  characteristic  velocity  of  the  solutions  (PI).  (P2).  (P3)  Is  less  than  half 
that  of  the  two-impulse  Hohmann  transfer.  AV  >  2.194  Km/sec. 

For  the  nearly-grazing  solution  (P2),  the  time  history  of  the  state  variables  and  the  control 
variable  Is  shown  In  Fig.  11,  which  contains  four  parts:  the  altitude  h  versus  the  time  t  (Fig.  IIA); 
the  velocity  V  versus  the  time  t  (Fig.  11B);  the  path  Inclination  y  versus  the  time  t  (Fig.  11C);  and 
the  lift  coefficient  C|_  versus  the  time  t  (Fig.  110). 

Table  3.  Results  for  coplanar  transfer. 


(PI)  (P2)  (P3)  Units 


AV 

1.050 

1.050 

1.050 

Km/ sec 

[  TY^dt 

Jo 

0.1593 

0.1591 

0.1606 

2 

(rad)  sec 

PHR 

31.66 

31.66 

31.64 

Wai? 

PHR  •  Peak  heating  rate.  Note  that  PHR  values  are  based  on  a  reference 
heating  rate  (heating  rate  at  h  =  40  km  and  V  •  V^)  of  348.7  W/cm^. 

Also  note  that,  should  the  reference  heating  rate  change,  PHR  values 
would  change  proportionally. 


Table  4.  Results  for  coplanar  transfer. 


(PI) 

(P2) 

(P3) 

Units 

1.024 

1.024 

1.024 

Km/sec 

AVii 

0.026 

0.026 

0.026 

Km/ sec 

AV 

1.050 

1.050 

1.050 

Km/ sec 

T 

1657 

1696 

1560 

sec 
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PARI  5.  OPTItlAL  SPACECRAFT  TRAJECTORIES  FOR  NOHCOPLANAR  AEROASSISTED  ORBITAL  TRANSFER 

5.1.  OUTLINE 

In  Part  5,  we  present  the  application  of  the  primal  sequential  gradient-restoration  algorithm 
(PSORA)  to  the  determination  of  optimal  trajectories  for  noncoplanar  aeroassisted  orbital  transfer  (AOT). 

Section  5.2  contains  the  notations,  and  Section  5.3  contains  some  general  considerations 
relative  to  aeroassisted  orbital  transfer.  The  equations  of  motion  are  given  In  Section  5.4,  and  the 
system  description  Is  given  In  Section  5.5. 

The  performance  Indexes  of  Interest  for  AOT  maneuvers  are  discussed  In  Section  5.6  within  the 
frame  of  three  problems:  minimization  of  the  total  characteristic  velocity;  minimization  of  the  time  In¬ 
tegra!  of  the  square  of  the  path  Inclination:  and  minimization  of  the  peak  heating  rate.  The  solutions 
of  these  problems  are  presented  In. Section  5.7.  In  particular.  It  Is  shown  that  the  nearly-grazing 
solution  (namely,  the  solution  minimizing  the  time  Integral  of  the  square  of  the  path  Inclination) 
constitutes  a  useful  engineering  compromise  between  energy  requirements  and  aerodynamic  heating  require¬ 
ments. 

5.2.  NOTATIONS 

Throughout  Part  5,  the  metric  system  of  physics  is  employed  (the  basic  units  are  the  meter,  the 
k11ogram(mass),and  the  second).  The  following  scalar  notations  are  employed; 


Cjj  =  drag  coefficient; 

CpQ  =  zero-lift  drag  coefficient; 

Cj^  •  lift  coefficient; 

0  >  drag,  N; 

g  *  local  acceleration  of  gravity,  m  see*  ; 
n  •  altitude,  m; 

H  °  height  of  the  atmosphere,  m; 

1  =  total  plane  change,  rad; 

1j  =  atmospheric  plane  change,  rad; 

1j  -  space  plane  change,  rad; 

K  =  Induced  drag  factor; 

L  =■  lift,  N; 

m  -  mass.  Kg; 

r  =  radial  distance  from  the  center  of  the  Earth,  m; 
r^  =  radius  of  the  Earth,  m; 

r^  »  radius  of  the  outer  edge  of  the  atmosphere,  m; 

5.3.  AEROASSISTED  ORBITAL  TRANSFER 


S  =  reference  surface,  m  ; 
t  =  dimensionless  time,  0  £  t  ^  1; 

V  =  velocity,  m  sec*'; 

Y  ”  path  Inclination,  rad; 

0  '  longitude,  rad; 

3  -2 

u  •  Earth's  gravitational  constant,  m  sec  ; 

.3 

0  =  air  density.  Kg  m  ; 
a  -  angle  of  bank,  rad; 

T  =  flight  time,  sec; 

4  =■  latitude,  rad; 
ip  -  heading  angle,  rad; 

4V  =  characteristic  velocity,  m  sec*'. 
Subscripts 

0  “  entry  Into  the  atmosphere; 

I  «  exit  from  the  atmosphere; 

00  •  exit  from  HEO  (high  Earth  orbit); 

II  =  entry  Into  LEO  (low  Earth  orbit). 


Noncoplanar  orbital  transfer  Is  considerably  more  Important  than  coplanar  orbital  transfer. 

Not  only  the  Initial  motivation  for  AOT  maneuvers  was  supplied  by  the  plane  change  problem  (Ref.  71), 
but  a  large  number  of  the  references  listed  at  the  end  of  this  paper  (Refs.  61-95)  deal  with  the  plane 
change  problem. 

In  the  following  sections,  we  sumiarlze  some  of  the  research  done  at  Rice  University  on  non¬ 
coplanar,  aeroassisted  orbital  transfer  from  high  Earth  orbit  (HEO)  to  low  Earth  orbit  (LEO).  Me  employ 
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the  following  assumptions:  (1)  the  Initial  and  final  orbits  are  circular;  (11)  three  Impulses  are 
employed:  a  nontangentlal  Impulse  at  HEO,  a  tangential  Impulse  at  atmospheric  exit,  and  a  tangential 
impulse  at  LEO;  (111)  the  plane  change  Is  performed  partly  In  space  and  partly  In  the  atmosphere;  and 
(1v)  the  gravitational  field  Is  central  and  Is  governed  by  the  Inverse  square  law. 

The  four  key  points  of  the  maneuver  are  these:  00  (HEO  exit);  0  (atmospheric  entry);  1  (atmos¬ 

pheric  exit);  11  (LEO  entry).  The  maneuver  starts  with  a  nontangentlal  propulsive  burn,  having  charact¬ 
eristic  velocity  dVpQ,  at  point  00.  Here,  the  spacecraft  performs  the  plane  change  1^  and  enters  Into  an 
elliptical  transfer  orbit,  connecting  the  points  00  and  0.  At  point  0,  the  spacecraft  enters  Into  the 
atmosphere:  after  traversing  the  upper  layers  of  the  atmosphere.  It  exits  from  the  atmosphere  at  point  1. 
Ouring  the  atmospheric  pass,  the  velocity  of  the  spacecraft  Is  reduced,  due  to  the  aerodynamic  drag;  In 
addition,  the  plane  change  1^  Is  performed  gradually.  At  point  1,  the  spacecraft  exits  from  the  atmos¬ 
phere;  right  at  the  exit,  a  tangential  propulsive  burn  takes  place,  having  characteristic  velocity  iVj. 
Here,  the  spacecraft  enters  Into  an  elliptical  transfer  orbit  connecting  the  points  1  and  11.  The 

maneuver  ends  with  a  tangential  propulsive  burn,  having  characteristic  velocity  at  point  11.  Here, 

the  spacecraft  enters  Into  the  low  Earth  orbit.  In  that  the  magnitude  of  Is  such  that  the  desired 
circularization  Into  LEO  Is  achieved. 

5.4.  EQUATIONS  OF  MOTION 

With  reference  to  the  atmospheric  portion  of  the  trajectory  of  an  AOT  vehicle,  the  following 
hypotheses  are  employed:  (a)  the  flight  Is  made  with  engine  shutt-off;  hence,  the  AOT  vehicle  behaves  as  a 
particle  of  constant  mass;  (b)  Coriolis  acceleration  terms  and  transport  acceleration  terms  are  neglected; 

(c)  the  aerodynamic  forces  are  evaluated  using  the  Inertial  velocity,  rather  than  the  relative  velocity; 

(d)  under  extreme  hypersonic  conditions,  the  dependence  of  the  aerodynamic  coefficients  on  the  Mach 
number  and  the  Reynolds  number  is  disregarded. 

Differential  System.  With  the  above  assumptions,  and  upon  normalizing  the  flight  time  to  unity. 


the  equations  of  motion  are  given  by 

h"t(Vs1nY],  (115a) 

V  =  T[-0/m  -  gslny] ,  (115b) 

Y  ■  tUL/mV)coso+ (V/r  -  g/V)cosY],  (115c) 

6  =  T(VcoSYCOsi(i/rcos4) ,  (115d) 

♦  “  TlVcosYSlnp/r] ,  (115e) 

i  '  Tl(L/mV)s1no/coSY  -  (V/r)cosYCOSi(/tani)il  (115f) 

In  the  above  equations, 

r  -  r^  +  h,  g  =  p/r^,  (116) 

0  •  (l/Z)CopSV^  L  =  (1/2)C|^oSV^.  (117) 


The  density  function  p  *  p(h)  can  be  found  In  Ref,  95.  In  particular.  If  a  parabolic  polar  is  postulated, 
the  relation  between  the  drag  coefficient  and  the  lift  coefficient  Is  given  by 
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<=D  *  <=00  *  <”*> 

Boundary  Conditions.  At  the  entry  Into  the  atmosphere  (t  =  0)  and  at  the  exit  from  the  atmosphere 
(t  •  1),  certain  static  and  dynamic  boundary  conditions  must  be  satisfied.  Specifically,  at  atmospheric 


entry,  we  have 

h(,  -  H,  (119a) 

4^29^  -  V2)  -  2r^r/^  +  r^  V^cos^  =  0,  (n9b) 

Sq  »  0,  (119c) 

♦o  =  0,  (119d) 

i)|q  =  0,  (119e) 


where  is  the  circular  velocity  at  r  =  r^.  In  addition,  at  atmospheric  exit,  we  have 

h^  =*  H,  (120a) 
r^l(2V^  -  (''l  *  +  r‘(V,  +  5)^cos^Yi  =  0,  (120b) 
costjcosij/,  -  coslj  =  0,  (120c) 


where  C  1s  the  velocity  Impulse  at  point  1.  Equations  (119a)  and  (120a)  reflect  the  definition  of 
thickness  of  the  atmosphere;  Eq.  (119b)  arises  from  energy  conservation  and  angular  momentum  conservation 
applied  to  the  HEO-to-entry  transfer  orbit;  Eq.  (120b)  arises  from  energy  conservation  and  angular 
momentum  conservation  applied  to  the  exIt-to-LEO  transfer  orbit;  Eqs.  (119c),  (119d),  (119e)  assume  a 
particular  type  of  entry,  with  the  entry  velocity  contained  In  the  equatorial  plane;  and  Eq.  (120c) 
constitutes  a  relation  between  the  exit  latitude,  the  exit  heading  angle,  and  the  atmospheric  plane  change. 
Plane  Change  Condition.  For  noncoplanar  orbital  transfer,  the  following  approximate  relation 
holds  between  the  total  plane  change,  the  space  plane  change,  and  the  atmospheric  plane  change; 


1  *  Ij  +  1j.  (121) 

where  1^,  1^  are  parameters.lt  must  be  emphasized  that  the  linear  relation  (121)  Is  only  an  approximation. 
For  more  precise  calculations,  Eq.  (121)  must  be  replaced  by  nonlinear  equations  (Refs.  77  and  85). 
However,  for  feasibility  studies  directed  atassessing  the  relative  merits  of  various  optimal  trajectories, 
the  simpler  linear  relation  (121)  is  sufficiently  accurate:  It  predicts  the  total  plane  change  1  with  a 
precision  of  the  order  of  0.5*  or  better. 

Inequality  Constraints.  To  ensure  that  the  vehicle  enters  Into  the  atmosphere  at  point  0  and 
exits  from  the  atmosphere  at  point  1,  the  terminal  path  Inclinations  Yq,  Y;  must  satisfy  the  Inequality 
constraints 


(122a) 

Y]  1  0. 

(122b) 
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These  Inequality  constraints  can  be  converted  Into  equality  constraints  by  means  of  the  Valentine 


transformations 

Yq  +  =  0, 

(123a) 

O 

II 

CSJ 

1 

(123b) 

where  n>  C  denote  parameters  to  be  determined. 

In  addition,  to  obtain  realistic  solutions,  the  presence  of  upper  and  lower  bounds  on  the  lift 
coefficient  Is  necessary.  Therefore,  the  two-sided  Inequality  constraint 


<  C, 


Lb 


(124) 


must  be  satisfied  everywhere  along  the  Interval  of  Integration.  The  above  Inequality  constraint  can  be 
converted  Into  an  equality  constraint  by  means  of  the  trigonometric  transformation 


=  (1/2)(Cl3  +  C^b)  +  (l/2)(CLb  -  C^^3)sine,  (125) 

In  which  B(t)  denotes  an  auxiliary  control  variable. 

Sunwary.  To  sum  up,  the  equations  governing  the  atmospheric  pass  Include  the  differential  system 
(115)-(lia),  the  boundary  conditions  (119)-(120),  the  plane  change  condition  (121),  and  the  Inequality 
constraints  (122)  and  (124),  converted  Into  equality  constraints  by  means  of  the  transformations  (123) 
and  (125).  In  this  formulation,  the  Independent  variable  Is  the  dimensionless  time  t,  0  £  t  ^  1.  The 
dependent  variables  Include  six  state  variables  lh(t),  V(t),  Y(t),  S(t),  4(t),  i(i(t)),  two  control  variables 
(S(t),  o(t)l,  and  six  parameters  (t,  K>  n,  C,  1,,  1,1.  After  a  solution  is  found  for  the  auxiliary 

S  a 

control  B(t),  the  original  control  C|^(t)  Is  recovered  via  Eq.  (125). 

5.5.  SYSTEM  DESCRIPTION 

The  numerical  examples  of  the  subsequent  sections  refer  to  a  spacecraft  characterized  as  follows: 

2 

the  mass  per  unit  reference  surface  is  m/S  =  300  Kg/m  ;  the  zero-lift  drag  coefficient  Is  Cpg  =  0.10;  the 
Induced  drag  factor  Is  K  =  1.11;  the  maximum  llft-to-drag  ratio  Is  =  1.50;  the  bounds  on  the  lift 
coefficient  are  -  -0.9  and  »  +0.9. 

For  the  transfer  maneuver,  the  HEO  radius  is  r^g  =  Zr^  '  12996  Km,  the  LEO  radius  Is  r^^  = 

r^  +  60  Km  =  6558  Km,  and  the  prescribed  plane  change  Is  1  =  30  deg. 

The  following  physical  constants  are  used  In  the  computation:  the  radius  of  the  Earth  Is 
r^  *  6370  Km;  the  radius  of  the  outer  edge  of  the  atmosphere  Is  r^  =  6498  Km;  the  height  of  the  atmosphere 

Is  H  =  r^  -  r^  =  120  Km;  and  the  Earth's  gravitational  constant  Is  p  =  398600  Km^/sec^. 

The  atmospheric  model  assumed  Is  that  of  the  US  Standard  Atmosphere,  1976  (see  Ref.  95).  In 
this  model,  the  values  of  the  density  are  tabulated  at  discrete  altitudes.  For  Intermediate  altitudes, 
the  density  Is  computed  by  assuming  an  exponential  fit  for  the  function  o(h). 

5.6.  PERFORMANCE  INDEXES 

Subject  to  the  previous  constraints,  different  AOT  optimization  problems  can  be  formulated,  de¬ 
pending  on  the  performance  Index  chosen.  The  resulting  optimal  control  problems  are  either  of  the  Bolza 
type  (see  Problems  (Pi)  and  (P2)  below]  or  of  the  Chebyshev  type  [see  Problem  (P3)  below). 

Problem  (PI).  It  Is  required  to  minimize  the  energy  needed  for  orbital  transfer.  A  measure  of 
this  energy  Is  the  total  characerlstic  velocity  AV,  the  sum  of  the  Initial  characteristic  velocity  AVqq 


2-46 


associated  with  the  propulsive  bum  from  HEO,  the  final  characteristic  velocity  associated  with 
the  propulsive  burn  Into  LEO,  and  the  Intermediate  characteristic  velocity  AV^  associated  with  the  pro¬ 
pulsive  burn  at  atmospheric  exit.  Clearly, 

I  “  AV  =  AVqq  +  AV,,  +  AVp  (126a) 

with 

^''oo  “  ''‘''f ( V00>  ^  ''o( V'oo)^<=“^S  -  ^''a 

*'^11  °  ■  *''l  *  (126c) 

AV,  =  E.  (126d) 

Problem  (P2)  It  Is  required  to  minimize  the  time  integral  of  the  square  of  the  path  Inclination. 
Here,  the  performance  index  Is  given  by 

I  =  I  Tv^dt.  (127) 

Jo 

The  trajectory  obtained  by  minimizing  the  performance  index  (127)  Is  called  nearly-grazing  trajectory. 

Problem  (P3)  It  Is  required  to  minimize  the  peak  value  of  the  heating  rate  at  a  particular 
point  of  the  spacecraft,  for  Instance,  the  stagnation  point.  The  performance  Index  Is  given  by 

I  =  PHR  =  max(C^oV^-°®).  (128) 

t 

where  C  Is  a  dimensional  constant. 

This  Is  a  minimax  problem  or  Chebyshev  problem  of  optimal  control.  It  can  be  reformulated  as  a 
Bolza  problem  of  optimal  control.  In  which  one  minimizes  the  Integral  performance  Index  (Ref.  29) 

J  «  f'T(CPpV^-°®)''dt,  (129) 

Jo 

for  large  values  of  the  positive  exponent  q. 

5.7.  NUI1ERICAL  SOLUTIONS 

Problems  (P1)-(P3)  were  solved  employing  the  primal  sequential -gradient  restoration  algorithm 
(PSORA)  of  Part  2  In  conjunction  with  the  equations  of  motion  of  Section  5.4  and  the  system  data  of 
Section  5.5.  In  computing  numerical  solutions  to  Problems  (PI),  (P2),  (P3),  the  following  procedure  was 
adopted;  for  Problem  (PI),  the  space  component  1^  and  the  atmospheric  component  1^  of  the  prescribed  plane 
change  were  optimized;  for  Problems  (P2)  and  (P3),  the  components  of  the  plane  change  were  kept  at  the 
same  levels  determined  for  Problem  (PI).  This  was  done  In  order  to  Impart  good  energy  characteristics  to 
the  solutions  of  Problems  (P2)  and  (P3). 

Sunmary  results  are  shown  In  Tables  5-6.  Table  5  presents  the  values  of  the  performance 
Indexes  (126),  (127),  (128)  for  all  of  the  solutions  of  Problems  (PI),  (P2),  (P3).  Table  6  presents  the 
components  of  the  total  characteristic  velocity,  the  components  of  the  plane  change,  and  the  flight  time. 
The  following  coments  are  pertinent; 

(1)  The  total  characteristic  velocities  of  the  solutions  (PI),  (P2),  (P3)  are  below  the  total 
characteristic  velocity  of  the  two-impulse  Hohmann  transfer,  AV  «  3.788  Km/sec. 
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(ii)  While  the  solution  (P2)  requires  2.5*  more  characteristic  velocity  than  the  solution  (PI), 
at  the  sane  time  it  involves  less  peak  heating  rate  (26*). 

Clearly,  the  nearly-grazing  solution  (P2)  is  an  interesting  engineering  compromise  between 
energy  requirements  and  heating  requirements.  For  the  solution  (P2),  the  time  history  of  the  state 
variables  and  the  control  variables  is  shown  in  Fig.  12,  which  contains  eight  parts:  the  altitude  h  versus 
the  time  t  (Fig.  12A);  the  velocity  V  versus  the  time  t  (Fig.  12B);  the  path  inclination  y  versus  the 
time  t  (Fig.  12C);  the  longitude  6  versus  the  time  t  (Fig.  120);  the  latitude  ^  versus  the  time  t 
(Fig.  12E);  the  heading  angle  versus  the  time  t  (Fig.  12F);  the  lift  coefficient  C^  versus  the  time  t 
(Fig.  12G);  and  the  bank  angle  a  versus  the  time  t  (Fig.  12H). 

Table  5.  Results  for  noncoplanar  transfer. 


AVpp  1.837  1.836  1.836  km/sec 

AV,  0.064  0.112  0.289  Km/sec 

0.018  0.018  0.018  Km/sec 

4V  1.919  1.966  2.143  Km/sec 

ij  17.51  17.51  17.51  deg 

ij  12.49  12.49  12.49  deg 

i  30.00  30.00  30.00  deg 

T  1379  1187  875  sec 
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PART  6.  CONCLUSIONS 

One  of  the  most  effective  first-order  algorithms  for  solving  trajectory  optimization  problems  Is 
the  sequential  gradient-restoration  algorithm  (SGRA,  Refs.  15-24).  Originally  developed  in  the  primal 
formulation  (PS6RA,  Refs.  15-21),  this  algorithm  has  been  extended  to  Incorporate  a  dual  formulation 
(DSGRA,  Refs.  22-24). 

Both  the  primal  formulation  and  the  dual  formulation  involve  a  sequence  of  two-phase  cycles, 
each  cycle  including  a  gradient  phase  and  a  restoration  phase.  In  turn,  each  iteration  of  the  gradient 
phase  and  the  restoration  phase  requires  the  solution  of  an  auxiliary  minimization  problem  (AMP),  In  the 
primal  formulation,  the  AMP  is  solved  with  respect  to  the  variations  of  the  state,  the  control,  and  the 
parameter.  In  the  dual  formulation,  the  AMP  is  solved  with  respect  to  the  Lagrange  multipliers.  A 
characteristic  of  the  dual  formulation  is  that  the  AMP's  associated  with  the  gradient  phase  and  the 
restoration  phase  of  SGRA  can  be  reduced  to  mathematical  progranming  problems  involving  a  finite  number 
of  parameters  as  unknowns.  Hence,  the  algorithmic  efficiency  of  SGRA  can  be  enhanced. 

Numerical  experience  with  SGRA  has  shown  that,  for  nonstiff  problems  of  flight  mechanics,  the 
dual  formulation  is  superior  to  the  primal  formulation  in  terms  of  CPU  time  and  is  about  equal  in  accuracy. 
On  the  other  hand,  for  stiff  problems  of  flight  mechanics,  the  primal  formulation  is  superior  to  the 
dual  formulation  in  both  CPU  time  and  accuracy. 

In  this  paper,  a  complete  description  of  SGRA  is  given  in  both  its  primal  form  (PSGRA)  and  its 
dual  form  (DSGRA).  Then,  the  appl ication  of  SGRA  to  flight  mechanics  problems  is  shown  via  a  variety  of 
examples  concerning  aircraft  and  spacecraft. 

For  aircraft  trajectories,  the  dual  sequential  gradient-restoration  algorithm  (DSGRA)  is  applied 
to  compute  optimal  trajectories  in  the  presence  of  windshear.  Take-off  trajectories  are  optimized  by 
minimizing  the  peak  deviation  of  the  absolute  path  inclination  from  a  reference  value.  Abort  landing 
trajectories  are  optimized  by  minimizing  the  peak  drop  of  altitude  from  a  reference  value. 

For  spacecraft  trajectories,  the  primal  sequential  gradient-restoration  algorithm  (PSGRA)  is 
applied  to  compute  optimal  trajectories  for  aeroassisted  orbital  transfer  from  high  Earth  orbit  (HEO)  to 
low  Earth  orbit  (LEO).  Both  the  coplanar  case  (problem  without  plane  change)  and  the  noncoplanar  case 
(problem  with  plane  change)  are  discussed  within  the  frame  of  three  problems:  minimization  of  the  total 
characteristic  velocity;  minimization  of  the  time  integral  of  the  square  of  the  path  inclination;  and 
minimization  of  the  peak  heating  rate. 

For  spacecraft  trajectories,  the  procedure  employed  to  optimize  HEO-to-LtO  transfers  can  be  ex¬ 
tended  to  include  GEO-to-LEO  transfers  and  LEO-to-LEO  transfers  (Ref,  92).  Here,  GEO  denotes  geosynch¬ 
ronous  Earth  orbit  and  LEO  denotes  low  Earth  orbit.  Note  that  LEO-to-LEO  transfers  are  of  interest  for 
the  National  Aero-Space  Plane  (NASP). 

To  sum  up,  the  sequential  gradient-restoration  algorithm  has  shown  to  be  a  powerful  and  versat¬ 
ile  algorithm  to  solve  optimal  trajectory  problems  of  atmospheric  flight  mechanics, suborbital  flight 
mechanics,  and  orbital  flight  mechanics.  While  the  examples  provided  belong  to  the  extreme  regions  of 
the  velocity  spectrum  (low  subsonic  flight  and  hypervelocity  flight),  the  sequential  gradient-restoration 
algorithm  can  handle  equally  well  optimal  trajectory  problems  of  supersonic  and  hypersonic  aircraft  as  well 
as  optimal  trajectory  problems  for  vehicles  of  the  space  shuttle  type  and  the  Hermes  type. 
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COMPARISON  OF  A  MATHEMATICAL  ONE-POINT  MODEL  AND  A  MULTI-POINT  MODEL 
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by 
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The  steadily  growing  cspscity  of  computers  favours  Incresatngly  exact  simulation  of  even  complex  processes.  On  the 
other  hand,  parameter  identification  and  state  estimation  require  much  more  |H%clse  models  than  are  generally  used 
for  the  design  of  feedback  systems.  In  this  paper.  theref<M«,  a  multi-point  model  of  the  aircraft  motion  Is  proposed 
in  which  the  different  coupling  effects  between  the  two  sub-processes,  "aircraft"  and  "air  flow",  can  be  modelled 
with  much  higher  accuracy  than  is  obtained  by  using  Che  ordinary  one-point  model,  where  all  the  force,  moment  and 
velocity  vectors  sre  referred  to  the  aircraft  center  of  gravity.  The  RKxSeUing  of  the  effects  of  aircraft  rotation,  %ring 
dourn-wash,  wind  gradients  and  other  unstationary  effects  should  be  greatly  Improved  by  a  multi-point  approach, 
provided  that  the  aerodynamic  effects  on  the  aircraft  components  (wing,  fuselage,  tali)  can  be  described  appropriate¬ 
ly.  The  nonlinear  equations  of  the  total  process  are  set  up  for  the  one-point  and  multi  -  point  models  and  compiled 
Into  block  -  diagrams,  from  which  Che  physical  background  of  the  Interrelations  between  air  and  aircraft  motion  can  be 
seen  very  clearly.  The  possible  Improvement  in  model  quality  and  the  additional  computer  capacity  needed  are  esti¬ 
mated  by  comparing  the  two  approaches. 


Uat  of  Syafaola 

All  the  symbols  used  are  from  the  ISO-standards  /!/  and  /2/  with  the  following  additional  symbols: 
s  3ui9y/dx  ect.  wind  gradient  component 


Va 

Qa 

Pa  -  <1a-  ^a 

Ok  =  o'" 

PK'  *'k 

Pw*  ^  w 
f 

Q 


vector  of  relative  velocity  between  aircraft  and  air  (airspeed) 
vector  of  relative  rotational  velocity  between  aircraft  and  air 
components  of 

vector  of  aircraft  rotational  velocity  relative  to  the  Barth 
components  of 

vector  of  air  rotational  velocity  relative  to  the  Earth 
components  of 

vector  of  aircraft  position  relative  to  a  point  fixed  relative  to  Earth 
vector  of  coordinates  of  point  P  in  aircraft  body  fixed  axes 
resulting  moment  vect<^ 


')  This  article  has  first  been  published  In  the  Zeltschrift  fUr  Flugwissenschaften  und  Weltraumforschung  11  (1987) 
p.  174  - 184  under  the  title  "A  mathematical  multi  -  point  model  for  aircraft  motion  in  moving  air".  It  Is  reprodu¬ 
ced  here  with  slight  modlDcatlons. 
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The  complete  mefhemetAcel  model  of  the  Aircraft  motion  Is  vevy  complex*  beceuse  it  has  to  describe  the  reciprocal 
•ctlOB  of  different  fdqrsicel  processes*  the  main  oeies  belaC: 

-  the  motion  of  the  surrounding  air  mass. 

>  the  motion  of  the  rigid  aircraft, 

-  the  degrees  of  freedom  of  the  flexible  aircraft  and  their  Interactions  with  the  airflow. 

-  unsteady  aerodynamic  effects. 

-  the  engines. 

It  la  therefore  lii4>os8tt»le  to  describe  the  "aircraft  motloii’'  process  completely.  The  model  has  to  be  simplified  and 
reduced  to  a  partial  one  to  suit  the  speciflc  problem.  The  models  used,  up  to  now,  for  control  system  design  or 
real-time  simulation,  have  usually  treated  the  aircraft  as  a  one  -  point  mass  and  referred  all  the  fences  and  moments 
to  the  center  of  gravity.  This  approach  demands  simplifications  which  are  sometimes  quite  sericnis,  especially  with 
respect  to  aircraft  rotation,  wind  gradients,  downwash  flow,  engine  alrstream,  ground  effect  and  other  unsteady 
effects  on  the  generation  of  forces  and  moments  /5/.  Str>ce  it  was  mainly  linearized  equations  which  were  used, 
the  approximations  were  adequate  and  remain  so  f<M'  analytical  calculations  in  the  future.  Linear  or  non-  linear 
equations  baaed  on  these  eaaumptlona  are  also  still  quite  suitable  for  the  design  of  flight  control  syatems  beemise 
of  their  Inhereiit  Inaenattivity  to  parameter  uncmiaintiea  /  8  /. 

However,  this  la  not  true  in  the  case  of  parameter  Identtficttlon  or  state  estimation  and  filtering.  These  methods 
react  very  sensitively  to  model  errors  and  may  then  produ<%  t<^ly  wrong  results  /16/.  The  shortcomings  of  the 
one-point  model  appear  first  In  the  longitudinal  equations,  where  the  modelling  of  the  downwash  is  very  much 
simplified  by  the  use  of  time  derivstlve  of  the  state  variable  a  (which  is  most  awkward  in  numeiicai  simulation). 
Secondly,  the  modelling  of  the  wind  gradient  effects  in  tiie  lateral  equations  is  quite  difficult  and  can  only  be 
represented  very  roughly  by  rotary  derivatives.  Thirdly,  the  model  of  engine  flow  effects  and  of  the  aerodynamic 
coupling  between  longttudlnai  and  lateral  equations  sh<mld  be  improved. 

All  these  problems  can  be  alleviated  If  the  equations  of  aircraft  motion  are  based  on  a  multi-point  approach  where 
the  forces  and  moments  are  calculated  separately  for  different  points  of  the  aircraft .  e.g.  wing,  tailplane  and  fin.  as 
a  function  of  the  local  air  flow.  Such  a  model  is  derived  In  this  paper,  assuming  that  adequate  models  for  the 
aerod3rnamlc  effects  on  the  separate  aircraft  components  as  wing,  fuselage  and  tailplane.  can  be  found,  and  it  is 
compared  to  the  one-point  afq>roach.  Both  models  show  the  strong  low-frequency  coupling  between  air  and  aircraft 
motions.  The  higher  frequency  coupling,  however,  which  primarily  affects  the  rotational  degrees  of  freedom,  is 
expressed  much  more  precisely  and  clearly  in  the  multi-point  approach.  For  siroplicily.  the  aircraft  is  here  conside¬ 
red  to  be  s  rigid  body  and  unsteady  aerodynamic  effects  (such  as  the  time  delay  in  flow  circulation  changes)  are 
neglected.  The  multi-point  flqrproach  could,  however,  be  extended  to  elastic  and  unsteady  effects  if  needed.  To 
simplify  the  equations,  only  two  different  coordinate  systems  are  used:  (local)  velocity,  force  and  moment  vectors 
are  calculated  in  the  aircraft  body  axes  system,  whereas  the  aircraft  flight  path,  the  local  wind  velocity  and  the 
wind  gradients  are  calculated  in  the  aircraft  carried  Earth  axes  (inertial)  system. 

The  equations  of  both  models  are  assembled  into  a  block  diagram,  from  which  the  physical  interrelations  of  the  two 
subprocesses,  "air  motion"  and  "aircraft  motion",  can  be  seen  very  clearly.  These  block-diagrams  pennit  estimation 
of  the  amount  of  additional  computing  capacity  and  they  may  also  be  used  to  set  up  a  modular  simulation  program. 

2.  ICodalUag  ttaa  wind  effects  on  the  aircruft  (ooe  -  point  modeU 

The  wind  process  can  be  represented  by  a  three-dimensional  wind  vector  field  which  is  changing  in  space  and  time 
according  to  statistical  and  deterministic  laws.  The  effects  of  this  wind-field  on  the  aircraft  flying  through  it  are 
primarily  generated  by  the  stationary  wind  and  the  components  of  the  wind  gradient  at  the  instantaneous  location 
of  the  aircraft.  These  wind  gradients  are  shown  to  represent  the  primary  disturbing  inputs  to  the  aircraft  motion 
while  the  coupling  between  the  air  and  aircraft  motions  are  represented  by  additional  states  of  the  overall  process 
/  6/. 

2.1  Trunalatloiial  effaces 

The  aerodynamic  forces  acting  on  the  aircraft  depend  on  the  aircraft  shape,  the  air  dei\slty  and  the  relative  motion 
between  the  aircraft  and  the  surrounding  air  mass,  i..e.  on  the  vector 

*2.1)  Va  •  Vk  -  Vw 

of  the  relative  velocity  between  the  aircraft  (V^)  and  the  air  (V^  )  and 
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*2-2)  Qa  ”  ^  ~ 

the  vector  of  the  relettve  rotertonel  velocity  between  the  airereft  (Ok)  end  the  air  (O^).  To  model  the  aircraft 
djmamica  exactly,  the  "ah*  motion''  fwooess  haa  to  be  deacrtbed  in  addition  to  the  "aircraft  motion"  process.  Figure  1 
shows  a  simplified  wind  field  where  the  z-component  wyi/^  is  a  two’dimensioaal  sinusoidal  function  of  space.  The 
air  velocity  change  "seen"  by  the  aircraft  can  be  described  1^  the  following  equation: 


dV^  ^ 

dt  dt  dr  dt 


The  first  term  /dt  is  usually  neglected  because  the  wind-field  can  be  considered  as  approximately  "frozen" 
(steady  state)  as  long  as  the  aircraft  velocity  is  high  ^mpared  to  the  change  of  air  velocity  with  time  /  5  /.  This 
assumption  Is  valid,  except  In  extremly  low  speed  flight,  because  on  one  hand,  the  effect  of  higher  frequency  wind 
motion  (with  frequencies  above  the  aircraft  short  period  modes)  cannot  be  modelled  exactly  by  quasi-steady  aerody¬ 
namics  and,  on  the  other  hand,  the  low  frequency  wind  effects  are  homogeneous  over  a  large  area  and  change  quite 
slowly  with  time.  This  is  especially  true  for  quasi-steady  air  streams  and  wind  shear  conditions.  Equation  Z.3,  in 
Earth  axes,  Is  written: 


(2.4) 
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This  differential  equation  describes  the  wind  components  the  actual  aircraft  position.  The  matrix  elements 


(2.5)  u^x  «  du^^/dx  etc. 

are  the  local  wind  gradient  components.  These  are  the  real  disturbance  Input  variables  to  the  aircraft.  This  model 
eliminates  the  error  usually  made  by  introducing  "Taylor's  hypothesis*,  in  which  the  space-distribution  of  wind 
velocity  is  ccmverted  into  a  function  of  time  without  considering  the  flight  path  vector  variations.  The  components 
of  the  wind  velocity  at  the  aircraft's  position  result  from  the  Integi^on  of  Equation  (2.3). 


The  %nnd  gradient  components  are  a  function  of  the  local  meteorological  situation  and  contain  low  frequency  deter¬ 
ministic  and  higher  frequency  stochastic  elements.  The  model  of  this  wind  process  cannot  be  derived  here,  it  has 
been  considered  elsewhere,  e.g.  In  /  7,  11,  13  /.  Figure  2  shows  the  results  of  vrind  measurements  as  a  function  of 
height  in  a  regkm  up  to  SOO  m  from  the  ground.  It  can  be  seen  that  the  wind  velocity  can  be  separated  Into  a  lower 
frequency  part  (wind  shear)  with  gradients  up  to  0,2  and  a  higher  frequency  part,  which  can  best  be  descri¬ 

bed  by  statistical  models,  such  as  the  Dryden  spectrum  /  7  /. 


Figure  3  shows  the  wind  vector  distribution  In  the  x  -  z  plane  of  a  typical  thunderstorm  situation  where  the  aircraft 
encounters  rapid  changes  of  wind  vector  In  anq>lttude  and  direction.  The  wind  vector  acts  on  the  aircraft  forces  and 
moments  through  Equations  (2.1)  and  (2.2)  because  the  ittter  depend  directly  on  Va  end  Qa-  These  are  complex, 
nonlinear  functions  of  air  densiUy  p,  airspeed  Va.  Mech  number  M.  angle  of  attack  a,  sideslip  angle  ^  and  other  va¬ 
riables;  for  example  the  eerodynemic  X  -  force  Is  given  by  the  equation 

(2.6)  «  2  Va®  a,  oc,  p,  q^  *Ik—) 


24  ln»i#ln—l  affeeU 


The  wind  effect,  as  described  so  fer.  is  due  to  the  Influence  of  the  local  wind  vector  et  the  centm'  of  gravity  of  the 
eircraft,  oonaldered  as  a  one  nwM,  resulting  In  a  variation  of  Va*  a  an  p.  This  can  be  cmisldered  to  be  the  ze¬ 
ro  order  term  of  a  Taylor  series  of  the  wind  effect.  The  first  order  term  of  this  Taylor  series  turns  out  to  be  the 
effect  of  e  linear  wind  dIstributloB  on  the  aircraft  botfy,  as  is  shown  in  Rgure  4  for  a  sinusoidal  vertical  wind-field. 
These  Unejr  terms,  which  are  described  by  the  local  oomponants  of  tha  wind  gradient,  stay  be  Introduced  Into  the 
usual  aircraft  equatlOBs  as  the  effects  of  a  rotating  air  mass.  This  leads  to  a  lalatively  simple  model,  because  the 
way  to  which  the  aarodyaemlc  dertvaUvas  depend  on  the  almraft  rates  p,  q  and  r  is  known.  The  local  air  rotatimial 
valocity  vactor  can  be  lapresented  hf  m  vector  fonetlon  as  follows,  where  Is  the  transformation  matrix  between 
Earth- flxad  and  bodf-flxed  coordinates: 


(2.7) 
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This  Is  Ulustrsted  by  Plgurv  S,  whtra  «11  tht  grsditnu  srs  tntroduosd  with  positive  sign  snd  sre  defined  In  slrcrmft 
coordinates.  Because  of  the  law  of  continuity,  the  gradients  are  not  Independent  of  each  other.  Figure  6  shows  two 
extreme  situations;  In  general,  any  intermediate  state,  whose  relative  amplitude  varies  with  time,  may  exist.  Figure  6 
makes  clear  that  a  representation  of  these  effects  by  rate  derivatives  is  an  approximation  which  is  only  valid  in 
cases  corresponding  to  ngiire  6b.  A  better  model  wilt  be  introduced  in  Sect.  4. 

The  three  wind  gradient  components  which  are  not  incorporated  in  Eq.  (2.7),  the  diagonal  elements  u^rx .  v^^ ,  and 
result  in  an  inhomogeneous  distribution  of  the  airflow  in  the  directions  of  the  aircraft  axes,  as  illustrated  in 
Figure  7.  As  these  effects  are  f^bably  small  and  cannot  be  measured  in  flight,  they  are  usually  neglected  . 

From  the  reconstruction  of  down-draughts  in  thunderstorms  /9/  an<i  from  extended  flight  measurements  / 13,  14/ 
maximum  wind  shear  gradients  have  been  calculated  and  are  summarize  in  Table  1 .  The  differential  wind  values  in 
Table  1.  calculated  for  an  Airbus  (length  S2  m,  overall-height  16  m.  minimum  speed  70  m/s),  give  a  rough  idea  of 
the  possible  influence  of  these  gradients.  Additional  estimations  should  be  made  for  th^  higher  frequency  case. 


wind  gradient 

differential  wi 

1/s 

AV., 

“Wx 

0,03 

1,6  ra/a 

“Wi.  ^Wl 

0,13 

2,1  m/s 

WWz 

0,18 

2.9  m/s 

Table  1  Effect  of  wind  gradients  on  differential  velocities  at  aircraft  extremities 

For  more  exact  models,  the  Taylor  series  of  wind  effects  (Figure  4)  should  be  continued  with  higher  order  terms, 
thus  further  approximating  a  sinusoidal  distribution.  This  would  call  for  the  Introduction  of  the  local  derivatives  of 
wind  gradients  and  would  greatly  complicate  the  model.  However,  since  the  corresponding  wind  model  and  the 
effects  of  nonlinear  wind  distributions  on  the  arodynamk:  forces  are  hardly  known  and  the  elastic  modes  have  been 
neglected  here,  the  higher  order  terms  are  also  neglected.  The  linear  model  is  valid  as  long  as  Che  wavelength  of 
the  air  motion  is  8-  12  times  larger  than  the  aircraft  dimensions.  This  Is  true  for  both  the  approximation  of  sinusoi¬ 
dal  distribution  and  the  quasi-steady  model  of  aerodynamic  force  generation  / 11  /.  This  also  means  that  the  wind 
model  must  be  restricted  to  frequencies  not  higher  than  those  of  the  short  period  modes  of  the  aircraft  . 

2  J  Blodi  dlagfum  of  tlw  wted  oquatlocia 

From  the  block  diagram  of  Figure  8,  It  may  be  seen  that  the  wind  equations  are  characterized  by  three  dynamlcaJ 
states,  Che  three  components  of  the  wind  vector  •  The  wind-field,  as  a  physical  process,  does,  of  course,  con¬ 
tain  additional  states  but  no  detailed  model  can  be  given  here  (see  e.g.  /7/).  It  can  also  be  seen  that  there  is  a 
strong  coupling  between  the  two  processes  (wind  and  aircraft),  given  by  the  feedback  of  V^g  and  r.  which  deter¬ 
mine  the  wind  vector  and  its  gradients  at  the  aircraft’s  momentary  position  / 15  / 


3.  The  oqotfloaa  of  the  oooplod  prooaw  (oh  point 
3J  Tbe  foroe  and  mnmairf  oqiif  trmi 

The  most  practicable  way  of  writing  down  the  non-linear  equations  of  aircraft  motion  in  moving  air,  especially  for 
the  purpose  of  numerical  simulation,  is  to  write  down  the  f<m:es  and  moment  equations  in  body  axes.  For  transport 
aircraft,  the  earth  rotation  can  be  neglected  and  the  earth  surface  considered  as  Flat,  the  Earth  axes  system  thus 
being  Identical  to  the  inertial  space.  The  force  and  moment  vector  equations  in  body  axes  are  as  follows; 


(3.1) 

*  “*’*  "''•‘jb 
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(3.21 
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Eqiutlom  (3.1  )  uid  (3.2)  botli  reprewnt  tlw  equilibrium  et  the  aircraft  center  of  gravity.  Here  Ru  end  are  the 
resulting  vectors  of  eerodynanilc  forces  and  moments  In  body  coordinates  and  R^  and  are  the  resulting  force 
snd  moment  vectors  of  engine  thrust.  I  is  the  inertia  tensor  of  the  aircraft 
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where  and  Ijx  ire  xero  for  eymmetrlcel  aircraft.  0^  ia  the  vector  of  aircraft  rotatloii  relative  to  the  Earth 
expreaaed  la  body  axea 


(3.4) 


rf>«  . 


and  Mbg  represents  the  transformation  matrix  from  Earth  axes  into  body  axea  /  2  /. 

COS0  coaV  coa6  stnl'  -slnd 


(3.5) 


l«b.  -  Mib 


sln^  8ln6  cosf  sinO  sln6  sin'f  sln^  coa6 
-cos^  slnV  ♦coa4cos'f 

cos4  sln6  cosV  coa4  sin6  slnY  co84  cosS 
♦sln4  slnY  *sln^  cosY 


The  angular  relationships  between  the  two  coordinate  systems  and  the  velocity  vectors  are  shown  In  Figure  9. 
Equation  (3.1)  reads  in  detail,  after  dividing  by  the  aircraft  mass 


(3.6) 
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Integrating  this  equation  gives  the  three  components  of  the  aircraft  translational  velocity  in  body  coordinates.  From 
these,  the  polar  components  of  aircraft  velocity  (flight  path  velocity  V^.  flight  path  azimuth  x  and  flight  path  angle 
Y  can  be  calculated  by  using  the  following  transformation 


(3.7) 


^ic« 
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COSY  cosx 
COSY  slnx 
-SlnY 


The  polar  components  are  found  to  be 

(3.8)  V|t  =  y  ufcg  ♦  Vk^  ♦  WKg 

(3.9)  X  *  arc  tan  v^g/u^g 

(3.10)  Y  ■  ’arc  sin  W|Cg/V|Q 

The  detailed  moment  equation  (3.2)  for  a  symmetrical  aircraft  is 


(3.11) 
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which  gives  the  three  components  of  the  aircraft  rot^lon.  If  the  aerodynamic  derivatives  are  given  In  aerodynamic 
or  experimental  coordinates,  they  have  first  to  be  transformed  into  body  coordinates/ 4/. 


Urn  eqnlloiis  for 

The  differential  equation  for  the  Euler  angles  / 1  / 


d# 

(3.12)  _  » 

dt 


and  the  Integration  of  the  velocity  vector 
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give  the  six  additional  components  of  the  angular  (#)  and  translational  position  (rt  relative  to  the  Earth. 
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34  Tha  wind  aqMtloaB 

The  fifth  dlfferentlfti  vector  equation  U  given  by  Equation  (2.3),  for  which  the  local  wind  gradient  componenta  are 
the  liqmt  vart^les  (they  should  be  stored  as  disturbances  In  a  numerical  simulation  pn^ram).  A  consMnt  wind 
velocity  has  to  be  taken  Into  account  by  the  Initial  condition  Vw.W). 


(2.3) 


dVw 

dVw 

dVw 

dr 

dt 

dt 

dr 

dT 

As  derived  In  Sect.  2,  the  wind  effects  are  described  by  three  additional  algebraic  equations  for  the  airspeed  vector 
(see  Eq.  2-1)  in  body  axes 


(3.14)  VAb  *  llbg(VKg-Vwg) 


for  the  vector  of  relative  rotation 


(2.2)  OAb  *  Q|ch  " 

.J  for  the  wind  rotation 


(2.7) 
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3.4  The  arpiaftnna  for  the  voetor  of  tha  raaoltaat  foroaa  and  aaoBanta 

The  aircraft  motion  finally  is  generated  by  the  aerodynamic  and  engine  forces  which  can  only  be  written  down  here 
in  a  global  way.  The  vector  of  resultant  aerodynamic  forces  Is 

(3.15)  »  f  (  p,  M,Y,,  a.  B.  i,  B,  qy^.  r,n.  C.  K.  n.  Ik  ••••). 
the  vector  of  the  resultant  aerodynamic  moment  is 

(3.16)  .  f  (  p.  M.  V^,  1,,.  a,  B.  «  .  B.  Pa.  Qa-  fA.  C.  i).  tik  ••••>• 

the  vector  of  the  engine  thrust  force  is 

(3.17)  R**  =  h(p.  M.  f.  a...) 


and  the  moment  resulting  from  the  engine  thrust  Is 


(3.18)  <f  =  k  (  p,  M.  f.  «,»p..). 

where  f  is  the  throttle  input  and  Xp  Is  the  radius  vector  of  the  thrust  relative  to  the  center  of  gravity.  The  first 
two  equations  are  highly  non-linear.  roulU-dlraenaional  functions  which  follow  from  wind-tunnel  measurements  and 
aerodynamic  calculations;  they  are  usually  simplified,  especially  with  respect  to  unsteady  and  aeroelastlc  effects  and 
multi-variable  functions.  The  thrust  equations  are  also  quite  complex  functlona  which  have  to  be  simplified.  Time 
derivatives  of  V^.  «  and  3  alao  have  to  be  Introduced  into  Eqs.  (3.15)  and  (3.16).  The  tlroe-dmivatlve  of  hi  body 
axes  is  given  by  the  Euler  equation 

ot  ot 

To  calculate  the  right  hand  term.  Equation  (2.3)  should  not  Itself  be  Integrated,  but  should  be  Introduced  Into  the 
differentiated  Equation  (2.1)  as  follows: 


(3.20) 
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The  variables  3  and  dt  can  be  calculated  from  the  time  derivative  dV^/dt  in  body  coordinates,  using  Equation 
( 3.21  )  and  Inverting  the  matrix  on  the  right  hand  side: 
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Equations  (3.19)  to  (3.21)  represent  s  tremendous  coR4»utstion«l  task  to  model  e  small  effect.  In  most  esses,  only 
the  time  dertrstlre  of  the  angle  of  attack  a  Is  needed  because  the  effects  of  V  and  ^  are  not  well  known.  The  equa¬ 
tions  should  therefore  be  slmpllfted  considerably.  In  numerical  simulations,  however,  a  Is  usually  calculated  by 
numerical  differentiation. 


S.5  Tlw  rmste  of  valldlfty  of  the  oqiaskteBa 

The  validity  of  the  equations  which  have  been  derived  so  far  is  restricted  by  the  simplifications  Introduced  in  Sects. 
2  and  3: 

-  aircraft  considered  as  rigid  body, 

-  quasi  -  steady  aerodynamic  effects. 

-  one  point  model. 

and  by  the  simpllAcatlons  of  the  wind  model  introduced  In  Sect.  2.  especially  by  replacing  the  gradient  effects  by 
wind  rotation.  The  equations  may  be  further  simplified  by  the  following  assumptions: 

-  excluding  high  turn  rates  (p^,  qK  end  r^  small) 

-  airspeed  vector  almost  along  the  aircraft  longitudinal  axes  (a  and  ^  small). 

and  by  simplifying  the  aerodynamic  functions  in  Eqs.  (3.1S)  and  (3.16).  Again,  the  transformation  matrices  may  be 
simplified  by  assuming  that  the  flight  path  velocity  vector  ia  almost  along  the  aircraft  longitudinal  axes.  i.e. 
assuming  that  the  angles  6  -  y  and  x  T  ere  small  too  / 10  /. 


3.6  DiacuaaloB  of  the  ooupUng  batwean  air  and  aircreft  motkm 

The  relationships  between  the  whole  set  of  equations  are  illustrated  by  the  diagrams  which  follow.  They  contain  all 
the  transformations  and  feedback  effects.  Figure  10  contains  the  force  and  moment  equations  -  the  numbers  refer 
to  the  equations  given  In  the  text.  Their  Inputs  are  given  by  the  vectors  Owg  Vw*  .  which  are  the  output 
vectors  of  the  wind  process  shown  in  Figure  8.  This  part  of  the  overall  model  will  be  modified  In  Sect.  6.  Figure  11 
shows  the  four  state  equations  of  the  aircraft  motion  whith  the  resultant  forces  and  moments  as  input  vectors  and 
from  which  the  twelve  states  of  translational  and  rotational  motion  are  integrated.  This  part  of  the  model  remains 
unchanged  In  Sect.  4  In  which  a  multi  point  model  is  introduced. 

( 1. )  The  rigid  body  motion  of  the  aircraft  is  governed  by  twelve  state  variables  (which  define  the  translational  and 
rotational  velocity  and  poaltion  components).  Three  additional  state  variables  (components  of  the  wind  velocity) 
describe  the  coupling  between  aUr  and  aircraft  motions.  In  the  case  where  *  0.  the  vectors  and  V|^  dif¬ 

fer  only  by  the  constant  vector  Vw  (0).  and  Is  zero. 

(2.  )The  choice  of  state  variables  In  the  present  paper  leads  to  a  very  clear  modelling  of  the  physical  coupling  bet¬ 
ween  the  two  processes  and  uses  a  minimum  number  of  transformation  matrices.  It  therefore  seems  to  be  advanta¬ 
geous  for  the  analysis  of  non  -  linear  equations  and  for  numerical  simulation  purposes. 

( 3. )  The  aerodynamic  effects  on  the  aircraft  are  generated  exclusively  by  the  air  density,  by  the  relative  motion 
between  the  aircraft  and  the  air,  and  by  the  aerodynamic  control  surfaces.  These  Include  the  main  disturbance  and 
control  Inputs  (in  addition  to  engine  thrust  and  variations  of  mass  distribution) .  The  well-known  feedback  effects  of 
aircraft  motion  on  the  aerodynamic  forces  are  represented  by  inner  feedback  loops  of  the  aircraft  sub -process. 

(4.)  Jf  t)ie  wind  process  is  modelled  by  a  vector  field  in  space,  its  effect  on  the  aircraft  flying  through  this  field 
can  be  described  by  mathematical  vector  functions.  The  wind  effect  on  the  airspeed  vector  is  thus  represented 
exactly,  eliminating  the  errors  resulting  from  the  use  of  'Taylor's  hypothesis’.  The  wind  effect  on  the  non-uniform 
distribution  of  forces  and  moments  over  the  aircraft  dimensions  ia  only  represented  approximately.  This,  however, 
has  the  advantage,  that  the  well-known  rotary  aerodynamic  derivatives  can  be  retained  to  provide  a  rough  approxi¬ 
mation  for  the  wind  effects. 

( 5. )  It  is  shown  that  the  wind  does  not  act  as  an  Independent  disturbance  process  on  the  aircraft  but  that  the  two 
processes  are  coupled.  There  are  three  different  feedback  effects,  which  are  represented  by  three  external  feedback 
loops  connecting  the  two  aub-processes: 

( a )  The  momentary  aircraft  position  r(t)  determines  the  local  wind  vectcM*  and  wind  gradient  acting  on  the  aircraft. 

(b)  Ths  flight  path  velocity  vector  VK(t)  Influences  the  instantaneous  variation  of  the  wind  vector  [Eq.  (2.3)]  and  . 
together  with  the  wind  vector,  generates  the  airspeed  vector  [Eq.  (2.2)].  These  feedback  loops  represent  the  most 
critical  coupling  effects  between  the  two  sub-processes  because  both  affect  the  phugold  stability  /9/. 
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(c)  Tbe  Euler  angles  •  (0  determine  the  trensfomstion  of  the  wind  gradients  from  Earth  axes  into  aircraft  body 
axes,  and  thus  affect  the  unsteady  wind  effects,  especially  on  the  moment  equations.  As  there  are  very  few  measu¬ 
rements  of  wind  gradients  In  Earth  coordinates  (the  gust  models  are  mostly  derived  from  flight  tests  i.e.  from 
measurements  in  body  axes),  practically  nothing  is  known  about  the  importance  of  this  feedback. 


4.  PreaaBfstInii  of  a  mnhHKdBt  modal 

The  previous  sections  have  shown  that  the  quasi-steady  concept,  where  all  the  force  and  velocity  vectors  are  refer¬ 
red  to  the  center  of  gravity  (one  point  model),  involves  extensive  simpli^atlons  with  respect  to  the  aerodynamic 
effects  of 

-  tbe  aircraft  rotation. 

-  the  downwash  from  the  wing. 

-  the  engine  flow, 

-  the  wind  gradients, 

-  the  aircraft  elastic  modes. 

A  really  new  way  of  Improving  the  mathematical  model  Is  to  calculate  the  local  air  velocity  vector  separately  for 
the  different  parts  of  the  aircraft  (as  e.g.  wing,  body,  tailplane  and  fin),  and  to  determine  the  local  forces  and 
momenta  from  tbe  results.  Given  the  capacity  of  existing  large  computers,  even  a  calculation  with  dUtrtbuted  para¬ 
meters  seems  to  be  possible  (e.g.  using  finite  element  methods),  but  this  would  call  for  a  tremendous  amount  of 
calculations  and  would  not  be  practicable  for  real  time  simulations.  In  this  paper,  tlterefore,  the  force  and  velocity 
vectors  are  concentrated  in  a  few  distinct  points,  thus  limiting  the  computation  effort.  However,  t}»e  basic  concept 
of  the  multi-point  model  could,  if  necessary,  be  generalized  later.  The  velocity  vector  at  a  given  point  on  the  air¬ 
craft  is  composed  of  its  average  value  (at  the  center  of  gravity}  and  the  supplementary  values  AV  generated  by 
the  various  local  effects.  It  is  therefore  crucial  to  distinguish  clearly  between  velocity  components  of  the  aircraft 
(V^)  and  those  of  tbe  surrounding  airflow  (V^).  the  local  airspeed  vector  then  resulting  from  the  appllcstion  of 
Eq.  (2.1)  to  each  point.  The  local  forces  and  moments  are  calculated  separately  and  are  then  combined  to  give  the 
overall  force  and  moment  components  with  respect  to  the  centre  of  gravity.  To  facilitate  this  compilation,  all  local 
force,  moment  and  velocity  vectors  are  defined  in  aircraft  body  axes. 


44  TIh  effect  of  ehonlt  roUdkm 


First,  the  supplemenCary  value  of  airspeed,  generated  by  aircraft  rotation  alone.  Is  calculated.  Figure  12  Illustrates 
the  motion  of  a  point  P  (e.g.  tbe  right  wing  neutral  point)  with  respect  to  the  center  of  gravity  in  case  of  a  yawing 
velocity  fR.  The  relative  velocity  of  P  in  body  coordinates  is  given  by: 


(4.1) 


AVk  (P.  Tk) 


-ficyp 

♦*’KXp 

0 


where  xp  and  yp  are  the  coortUnatea  of  P  In  body  axes,  taken  as  positive  in  the  coordinate  directions.  Under  a 
generalized  rotation  of  the  aircraft,  the  local  velocity  increment  is  found  to  be 


(4.2) 


AVk  (P.  Ok)  «  Ok  »p 


<lK*P  '  ‘’kTp 
^K^P  '  Pk^P 
Pk/p  -  <litXp 


The  local  airspeed  vector  at  point  P  with  aircraft  rotation  is  then 
(4.3)  Va  (P)  «  Vac,  ♦  ^Vk  (P.  Ok* 

The  effect  of  elastic  modes  on  the  relative  velocities  could  be  slmiJiary  modelled.  From  these,  the  local  forces  and 
moments  can  be  calculated,  as  Is  shown  in  Section  4.4. 


4  J  lha  Wfhot  of  ivM  gradtaMU 

Taking  the  x  -  y  plane  as  an  example.  Figure  13  shows  how  the  wind  velocity  at  a  point  P  la  influenced  by  the  wind 
gmdienta  In  body  coordinates  represented  by  the  following  expression: 

0 

*  ’'Wa  *p 


(4.4) 


AVw  (P.  rwa* 
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The  generml  three-dlmenstone]  case  is  given  by 


dVwl 

“Wx  “Wy  “W* 

xp 

AVwCn  =  X,  = 

^Wx  ^Wy  ’'W* 

yp 

.'"^Wx  '^Wy  ^Wi. 

b 

where  the  wind  gradient  matrix  has  to  be  transformed  Into  body  coordinates 


(4.6) 


Mbs 


dr 


The  local  airspeed  vector  at  point  P  In  a  general  homogeneous  wind  field  Is,  from  Eq.(2.1): 
(4.7)  Va(P)  =  AVw(P) 


4,3  The  efVeet  of  whig  dowawnah  and  — »g*—  flow 


Figure  14  illustrates  the  generation  of  a  supplementary  air  velocity  vector  at  the  tallplane  position  due  to  an  air- 
stream  caused  by  wing  downwash  and  by  the  engine  or  airscrew.  The  downwash  roughly  induces  a  positive  z-com- 
ponent  of  AV^,  whereas  the  engine  flow  results  in  a  velocity  Increment  and  e.g.  in  a  negative  y-component  in 
positive  sideslip  conditions.  As  the  calculation  of  the  induced  flow  is  very  complex  and  Is  highly  dependent  on  the 
areodynamic  state  of  the  wing  (lift,  sideslip-angle  etc)  and  the  aircraft  configuration  (relative  position  of  wing  and 
tallplane,  flap  position  etc),  no  specific  equation  can  be  given  here.  This  effect  of  reciprocal  coupling  between  air¬ 
craft  and  airflow  can  only  be  expressed  generally,  as  follows: 

(4.8)  AVd  (P)  »  f  (P.  V^.  Cl.  a,  tik>  •  ^ . t) 

It  has  to  be  modelled  Individually  for  each  aircraft.  A  downwash  change,  following  a  lift,  a  configuration  or  wind 
velocity  change  moves  at  the  local  airspeed  towards  the  tail.  Its  effect  on  the  tallplane  is  therefore  subfect 
to  a  delay  time 

(4.9)  T  •  I^TpI/V^ 

where  »|-r  1*  distance  between  the  wing  and  tallplane  neutral  points.  The  same  is  true  for  the  effect  of  ^'Chan- 
ges  on  the  fin.  This  delay  has  to  be  greatly  simplified  in  one  point  models  where  it  is  generally  represented  by  the 
"quasi-steady"  derivatives: 

^LO' 


where  e.g.  (see  /  3  /) 


(4.10) 

C  •  . 

Vat 

2 

Xtp 

s 

< 

> 

with  Vat  nlrspeed  at  tallplane  position 
E  downwash-angle 


It  is  obvious,  that  this  can  be  modelled  much  more  precisely  in  multi-point  models,  thus  making  the  derivatives 
mentkmed  unnecessary. 


A  second  time-dependent  effect  Is  due  to  the  feet  thst  the  circulstion  sround  the  wing  cennot  change  abruptly  after 
flow  changes  but  builds  up  with  an  approximately  first  order  time  lag  (Wagner-  and  KUaaner-effect).  This  too.  can 
be  modelled  more  precisely  in  e  multi-point  model,  where  e  new  differential  equation  can  be  Introduced  to  represent 
the  dependency  on  time  / 12  /. 


Rnally,  the  ground  effect  cen  be  much  better  represented  by  the  present  model  than  by  the  one  -  point  model.  The 
change  In  the  local  air  velocity  vector  Induced  by  the  aircraft  approacliing  the  ground  can  be  calculated  for  different 
pointe  of  the  aircraft.  All  these  effects  ere  examples  of  the  very  tight  feedbeck  coupling  betvreen  the  aircraft  and 
the  eurroundlng  airflow;  these  cannot  be  neglected  in  realistic  modals  of  aircraft  motion. 
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4.4  Th»  oooiplato  local  atnpaad  vaetor 

All  the  partial  velocity  vectors  can  now  be  summed  according  to  Eq.  ( 1 )  to  give  the  complete  airspeed  vector  at  the 
point  considered. 

(4.11)  V*(P).  V^,-  AV^(P.£V)-AV^(«-AV^(P) 

The  aeitHh^namlc  effects  at  the  point  P  are  calculated  from  this  vector. 

4S  The  calailat,lnft  of  local  foroaa  and  wnnaidj 


From  Eqs.  (3.15)  and  (3.16).  the  aerodynamic  forces  and  momenta  are  functions  of  airspeed,  angle  of  attack  and  angle 
of  sideslip.  The  local  values  of  these  three  variables  can  be  calculated  from  the  local  airspeed  vector  V^CP)  by 
using  the  transformation 


(4.12) 

Vau  - 

“a 

’a 

cosa  cos^ 
sln6 

.*A. 

b 

sina  cosfi 

from  which  the  polar  coordinates  of  are  found  to  be 


(4.13)  Va(P)  =  y'uJ(P)  ♦  vJ(P)  ♦  wi(P) 

(4.14)  a  (P)  *  arc  tan  (W/ux(P) 

(4.15)  MP)  *  arc  sin  (Pl/V^  (P) 

These  are  the  input  variables  to  the  aerodynamic  forces  and  moment  relationships 

(4.16)  K*(P)  =  p/2  S  V^(P)  C*  [m(P),  ci(P).  P(P).  C.  n.  Ik  ••  ••] 

(4.17)  <r(P)  •  p/2  S  VJ(P)  Ij.  Cq  [m(P),  a(P),  MP).  5.  C.  i|.  i)k 

where  C  and  C  are  the  vectors  of  the  local  aerodynamic  derivatives  (in  body  coordinates) 

■  c,  (P)  ■ 

(4.18)  Cr  (P)  =  C,  (P) 

C,  (P) 

'  C,  (P) 

(4.W)  Cq  (P)  «  C„  (P) 

[  C„  (P) 

They  are  functions  of  the  local  Mach  number,  angle  of  attack  and  angle  of  sideslip  only,  together  with  the  respec¬ 
tive  aerodynamic  control  surface  deflections  of  aileron,  elevator,  rudder  and  flaps,  t)ie  function  of  tlie  aircraft  rates 
Pa*  dA  tR  and  of  the  time  derivatives  a  and  8  having  been  eliminated  by  the  multi-  point  approach. 


4.6  The  ovutall  farasa  aad  mnmanH 

Tlie  local  forces  and  momenta  now  have  to  be  referred  to  the  center  of  gravity  so  that  tliey  can  be  combined  to  gi¬ 
ve  overall  vectors.  This  will  be  Uluatrated  by  transforming  the  forces  at  tlie  taJlplane  as  shown  In  Figure  IS.  Refer¬ 
ring  It  to  the  center  of  gravity  fiaa  no  Influence  on  the  force  vector,  so  the  general  relation  Is; 

rx*(P)' 

(4.20)  «  Y‘'(P) 

[z''(P) 

On  the  other  hsnd,  changing  the  moment  reference  point  gives,  for  Figure  IS 

(4.21)  *  Mtp  *  ^TP  ■  *P^TP 

The  general  relationship  for  changing  the  moment  vector  reference  point  is 

(4.22)  (P)  «  Sr 

fy,  Z*(P)  -  tpY*(P»'| 

»  ilQ*(P»  ♦  Zp  X'^IP)  -  X,  Z*IP> 

X,  Y*(P)  -  y,  X^(P)J 
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The  central  force  and  moment  vect<MV  are  Anally  given  by 

(4.23)  -  Z  Alt*(P) 

•  p 

(4.24)  =  ^AQ*(P)  ♦  ^XpxAJlAjp, 

4k7  Ptocnaakm  of  tha  mnltHpoliit 

The  multi-point  model  situation  is  illustrated  by  the  two  following  block  diagrams.  In  which  all  the  equations  are 
combined  with  their  relative  couplings,  Including  ail  transformations  and  multiplications.  Figure  16  shows  the  wind 
equations.  Relative  to  Figure  8  the  output  replaced  by  the  vectiw*  dVw''  dr.  Apart  from  this,  the  structure  of 

the  equations  stays  the  same  including,  of  course,  the  feedback  of  and  r. 

Figure  17  replaces  Figure  13  of  the  one  -  point  model.  Using  the  input  vectors  and  dV^/dr,  the  resulting  local 
airspeed  Vy^(P)  is  first  calculated  for  each  point.  By  use  of  the  local  aerodynamic  relations,  the  local  resultant  for¬ 
ces  and  moments  are  then  derived.  Introducing  the  local  effects  of  the  control  surfaces  C  Hk  *Ad  of  the  engine 
jetflow.  This  has  to  be  done  for  every  point  considered.  Finally,  these  forces  and  moments  are  expressed  relative  to 
the  center  of  gravity  and  are  summed  to  give  the  resultant  central  force  and  moment  vectors.  These  are  the  inputs 
to  the  state  equations  shown  in  Figure  14.  as  is  the  case  for  the  one  point  model.  The  latter  therefore  remain  un¬ 
changed.  The  overall  multi  -  point  model  in  Figure  18  is  mainly  characterized  by  the  feedback  couplings  between  the 
wind  and  aircraft  process  which  have  already  been  discussed  in  Section  3. 

Compared  with  the  one  point  model,  the  amount  of  calculatton  Involved  in  the  aerodynamic  equations  has  been 
multiplied  by  the  number  of  points  considered.  On  the  other  hand,  the  effects  of  aircraft  rotation,  %nnd  gradients, 
downwash  and  wing  vortex  can  be  modelled  much  more  precisely  and  the  calculation  of  time  derivatives  of  a 
and  ^  is  eliminated.  Finally,  this  approach  can  be  easily  extended  to  model  further  phenomena,  such  as  ground  ef¬ 
fect  or  unstationary  aerodynamic  effects.  In  the  parameter  identification  of  a  DO  28  aircraft,  for  example,  the  re¬ 
sults  could  be  greatly  improved  by  taking  the  different  poaitlons  of  the  instnimentatlon  into  consideration  and 
calculating  the  local  airspeed  vectors  / 18  /.  The  major  unsolved  problem  in  such  a  multi  point  model  Is  the  denni- 
tion  of  aerodynamic  models  for  the  different  aircraft  components,  such  as  wing,  fuselage,  fin  and  tailplane.  This  is 
a  quite  dlfOcult  task,  because  of  the  various  existing  interference  effects  which  exist,  e.g.  between  wing  and  fusela¬ 
ge  or  between  tailplane  and  Hn.  A  further  problem  lies  in  the  fact  that  these  models  have  to  be  derived  mostly 
from  aerod3mamic  calculations  because  the  aircraft  components  are  rarely  tested  separatly  In  wind  tunnel  experi¬ 
ments.  The  influence  of  engine  flow  as  a  function  of  angle  of  attack  and  angle  of  sideslip  is  also  rather  dlfficuit  to 
describe.  The  proposed  multi-  point  model,  therefore,  can  only  be  a  stimulation  to  further  investigations,  the  inten¬ 
tion  of  the  paper  being  mainly  to  show  a  promising  approach  from  which  more  exact  models  of  aircraft  motion  in 
moving  air  can  be  developed. 


The  non-linear  equations  of  aircraft  motion  in  moving  air  have  been  introduced  and  their  Interactions  illustrated  by 
block  diagrams.  This  mathematical  model  reflects  the  fact  that  the  two  sub-prooesses  (wind  and  aircraft  motion) 
are  strongly  coupled,  aircraft  forces  and  moments  being  generated  by  the  relative  motion  between  the  air  and  the 
aircraft.  The  usual  one  point  model  is  first  considered,  using  the  classical  approach  of  overall  quasi-steady  derivati¬ 
ves.  This  is  developed  to  provide  a  multi  -  point  model,  in  which  the  effects  of  aircraft  rotation,  wind  gradients,  wing 
downwash  and  engine  flow  can  be  modelled  more  precisely  by  a  generalized  approach.  In  this  the  approximate  qua¬ 
si-steady  terms  are  replaced  by  the  calculation  of  local  velocities  and  forces.  This  multi-point  approach  has  great 
potential  for  improving  the  accuracy  with  which  the  aircraft  motion  is  simulated  -  as  has  already  been  shown  in 
parameter  estimation  calculations.  It  does,  however,  require  the  development  of  better  models  for  generating  the 
local  serodynamic  forces  and  loonienU  and  the  engine  flow.  This,  and  Improvement  to  the  modelling  of  higher 
frequency  wind  motion  and  its  effects  on  the  aircraft,  cells  for  further  research  activities. 
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Figure  1 

Two-dlmenelonal  wind  field 
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Figure  2 


Wind  profU*  f«®  ««•“  meuurement  a.  function  of  height 
( from  / 13  / ) 
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Figure  5  Relation  between  wind  rotational  velocity  and  wind  gradients 


Figure  6  Alrflow-Helda  with  different  relative  wind  gradients. 
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Figure  7.  Transverse  wind  gradients  (differential  values  referred  to  the  velocity  at  the  center  of  gravity) 


Figure  12.  Loci  dlfferentl.1  speed,  genenited  ,3  Lod  dlfferentUl  wtad  speed  genereted 

b>  )-•**"*  mouon  .  . 


Flcttrt  17.  Forc«  And  moiiMiit  tquatkmi  of  tlw  multi*  point  raodol 
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DimMIMTION  DK$  LOIS  DB  GUIDiCI  QDSSX-OPTXH&LBS  BR  TBMPS  BBBL 
POUR  DBS  TMJKTOXtXS  O'RVIORS  DB  COMBAT 

HUm  Butt  Thanh 

Of flea  Rational  d'Btudaa  at  da  Racharebaa  Adroapatialaa  (ORBRA) 
29,  Avanua  da  la  Diviaion  LaeXarc  92320  CIATILLOR  ~  Franca 


SOMRART 

TATIOR  or  8tm-0?TXMAL  RBAL-TXMB  CulDARCB  UVS  FOR  COMBAT  AIRCRAFT  TRAJBCTORXBS 


Thia  ehaptar  praaanta  an  application  of  alnouXar  parturbation  thaory  (SPT)  for  tha  conputation  of 
raal-tiaa  control  lava  for  Conbat  Aircraft  trajactoriaa. 

Tha  principla  of  SPT  la  firat  briefly  raviavad  for  tolving  a  nultipla-tina  acala  diffarantial 
aBuatlona,  than  ita  application  to  optinixation  of  non-linaar  ayatana  la  praaantad.  Tha  lain  drawbacks 
and  dlfficultias  which  have  baan  ancountarad  in  tha  conputation  of  raal-tina  control  lava  for  Aircraft 
trajaetoriaa  ara  daacrlbad,  than  various  tachni^aa  ara  also  pointed  out  in  order  to  ovarcone  with  these 
problems. 

Baaing  of  thia  SPT,  real-tine  guidance  laws,  of  elMad-loop  type,  have  been  developed  for  nininun 
tine  to  clinb  in  a  vertical  plana  and  three-dinenaional  interception  for  a  eonbat  Aircraft.  The 
perfornancaa  of  these  aub-optinal  guidance  laws  have  been  then  compared,  in  numerical  simulation  using  a 
typical  Aircraft  model  ,  with  optimal  control  lava,  of  open-loop  type,  provided  by  an  iterative 
numerical  algorithm,  using  a  generalixed  projected  gradient  technique. 

A  better  than  1  %  accuracy  has  been  obtained  for  the  performance  index  (tlme-to-cllmb)  for  vertical 
climb  trajectories.  The  real-time  guidance  laws  are  slightly  leas  accurate  for  interception 
trajectories. 

The  sub-optimal  guidance  lavs  can  fulfill  final  conditions  on  altitude  or/and  flight  path  angle  and 
remain  valid  for  a  large  flight  envelope  domain.  Their  computation  times  are  very  small  and  are 
cMipatible  with  real-time  an  board  computer  applications. 


M8UKB 

Ce  chapitre  prdaente  une  application  de  la  tbdorie  des  syatdmes  multi-dehelles  de  temps  au  contrdle 
en  temps  rdel  des  trajeetoires  d'avions  de  combat. 

Aprda  avoir  rappeld  lea  prineipea  de  la  thdorie  des  perturbations  singulidres  dans  la  rdsolution  des 
systdmes  diffdreotiels  multi-dchelles  de  temps,  son  application  A  1' optimisation  des  systdmes  non- 
lindaires  eat  prdsentde.  Les  principales  difficuXtda  rencontrdes  dans  la  ddtermination  des  lois  de 
guidage  "temps  rdel"  sont  ensuite  mentionndea,  puis  ditfdrentes  techniques  utilisdes  pour  les  rdsoudre 
sont  indiqudea. 

Des  lois  de  guidage  "temps  rdel"  en  boucXe  fermde  sont  ensuite  ddveloppdes  pour  diffdrents  types  de 
trajeetoires  d'avions  de  combat  :  montde  en  temps  minimum,  interception  dans  un  plan  borisontal,  dans  un 
plan  vertical  et  dans  I'espace  tridimensionnel.  Lea  pertomanees  fournies  par  ces  lois  sont  ensuite 
dvaludes  en  simulation  numdriques  sur  un  moddle  d'avion  type,  par  comparaison  avec  les  lois  optimales  en 
boucle  onverte  obtenues  par  un  algorithme  nudrique  de  gradient  projetd,  sans  approximation  de  type 
nulti-dehelles  de  temps. 


1  -  IRTRODUCTIOM 

L'emploi  de  lois  de  guidage  optimales  de  trajeetoires  pour  un  avion  de  transport  civil  ou  pour  un 
avion  de  combat  prdaente  un  intdrdt  certain.  Bn  effet,  I'intdgration  de  ces  lois  sur  un  calculateur 
embarqud  fonetiomnant  en  temps  rdel  devra  permettre  d'une  part  de  souXager  la  charge  de  travail  du 
pilots,  dont  le  rdle  se  bornera  alors  A  ddaigner  lea  objectifs  A  atteindre,  et  d'autre  part  d'utiliser 
au  mieux  les  capacitda  de  manoeuvre  de  X'aviom. 

Rdanmolna  la  ddterminatloa  dea  lois  optimalea  eat  complex#  car  ell#  fait  iatei'veair  la  resolution  d# 
systdmos  diffdr#nti«l8  noa-lindairas  avec  des  coaditioms  sum  deux  extrdmitds  (Bryson,  Ho,  1975).  De  ce 
fait,  lea  solutions  esactes  sont  obtenues  usuellesent  par  des  techniques  numdriques  de  programmation  non 
lindaire,  de  type  itdrative  (gradient  par  example),  qui  demamdent  des  encombrements  mdmoires  inportants 
et  des  temps  de  calcnl  actuellement  incompatibles  avec  use  utilisation  en  "temps  rdel". 

Four  cette  raison,  la  recherche  de  lois  de  guidage  sous-optimales,  mais  avec  des  temps  de  calcul 
moimdres,  demeure  un  tbdme  d'investigation  iatdressant.  Farm!  les  diverses  mdtbodea  d'approxination 
dtudldes  jusqu'A  prdsent  la  thdorie  des  perturbatioms  slagulidres  (tasov,  1915)  semble  dtre  la  plus 
premetteuse,  alls  permet  d'obtemlr  des  lois  de  guidH*  **  boucle  fermde,  de  mise  en  oeuvre  numdrique 
reXstivemsmt  simple  et  da  temps  de  calcul  sumdrigns  mdgligeable  en  eemparaisea  avec  les  solutions 
optimales  fournies  par  les  algoritbmes  numdriques  d*optimisatiom. 
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L'objtt  d«  e«  elMpitr«  Mt  d«  dierir*  l*«ppXicatl<m  d«  c*tt*  tbdori«  4  la  ddtaraination  das  lois  dt 
guldstfs  pour  das  trajactoiras  optiaalas  aa  taaps  AialAua  pour  ub  bvIod  de  coabat. 

II  conaiaat  da  rappalar  au  prdalibla  la  principa,  las  possibilitds  at  las  liaitas  da  I'applieatioa 
da  la  thdoria  das  partarbatioas  slagalldras  4  I'optiaiaatioa  das  trajactolras. 

Ca  cbapitra  ast  orgaalad  da  la  fagoa  suiaaata. 

La  priaeipa  at  las  priaclpaax  rdsultats  ralatifs  4  la  tbdorla  das  partarbatioas  siagulidras  (P.S.) 
soat  d'abord  rappalds  bri4t«Mat.  Basaita  I'apport  da  catta  tbdoria  4  la  rdsolutioa  d'ua  probldaa 
d'optialsatioa  aoa  liadaira  ast  ladiga4«  da  a4»a  gaa  las  difficaltds  raaeoatrdas  at  las  lialtatloas  da 
la  adthodas. 

La  ddtaraiaatioa  da  lois  da  gaidaga  soas-optiaalas  pour  das  trajaetoiras  da  aoatda  at  d'iatarcaptioa 
tttilisaat  catta  tbdoria  das  P.S.,  ast  aasaita  ddcrita,  aiasi  gua  las  aodificatioas  apportdas  pour 
palliar  auz  iacMadaiaats  da  la  adtb^a.  Das  rdsaltats  da  siaulatioa  auadriquas  soot  aafia  prdsaatds  o4 
las  partoraaoeas  obtaauas  par  cas  lois  sous-optiaalaa  soat  coapardas  aux  solutioas  optiaalas  fouraias 
par  uo  coda  auadrigua  d'optiaisatioa  da  traiaotoiras  atilisaat  uaa  adtboda  da  gradiaat  projatd. 

Las  parspactiaas  da  1  lotdrdt  da  la  tbdoria  das  P.S.  at  das  lois  da  guidaga  aiasi  ddaaloppdas  soot 
iodiqudas  aa  conclusioa. 


2  -  PtIMCIPB  DB  Ik  TBBORIB  DBS  PBBTimBATIOBS  S1BC0LIBBBS  (Hasoa,  1945  ;  Saith,  198S) 

La  tbdoria  das  partarbatioas  siagulidras  coasista  4  rdsoudra  da  fagoa  approehda  un  systdaa  aoa- 
liadalra  aattaat  ao  dfidaaca  das  dyaaaiguas  distioctas.  La  priaeipa  da  la  adtboda  ast  lllustrd  sur  ua 
axaapla  sealaira.  Las  eooditioos  da  aaliditd  soat  aasuita  rappaldaa.  puis  la  liaa  aaac  la  tbdoria  das 
ddvaloppaaaats  asyi^totiguas  ast  dgalaaaat  dtabli. 

2.1  -  Idsolutioa  d*uB  avstdaa  aoa-liadaira  4  coaditiwi  iaitiala 

Soit  la  systdaa  diffdraatial  autoaoaa  aoo'-liadaira  sui.aat  4  rdsoudra  : 

X=:f(x.y)  x(0,c)  =  Xo 

ey  =  g(x.y)  y(0,c»  =  yo 

o4  las  aariablas  x(t.c)etya,c)  soat  das  scaltiras,  Xo.yo  das  eoastaatas  iaitialas,  c  ast  un 
aoabra  positif  iafiaiaaot  patit  eoaparatiaaaaat  aux  autras  paraadtras  du  systdaa.  Catta  foraulatioa  fait 
iataraaair  da  fagoa  axplicita  daux  deballas  da  taaps  lu  systdaa,  car  la  dyaaaigua  da  la  variabla  y  , 
doaada  par  la  ddriada  (i/c)K(x,y)  ,  ast  plus  graada  qua  calla  ralatiaa  4  la  variable  x  . 

La  forma  (1)  ast  aaeora  dita  **slagulidraaaot  parturbda**  ear  la  diasDsioo  du  systdaa  diffdraatial  ast 
rddaita  lorsqua  I'oo  fait  taodra  e  ears  sdro. 


2.1.1  -  Probldma  rdduit  ou  axtdriaur 


Poor  ebarebar  uaa  solutitn  au  probltea  (1) ,  il  ast  aatural  da  poser  c  =  0  ,  da  rdsoudra  la  aouvaau 
systdma  aiasi  obtaau  at  d'aspdrar  trourar  aiasi  uaa  approxlaatioa  raisooaabla  da  la  solutioa  du  systdaa 
(1)  aoyaBaaat  eartaiaas  coaditioos. 


La  probXdaa  obtaau  ao  faisaot  c  ^  0  ast  dit  probldaa  rdduit  ou  biao  aaeora  probldma  aztdriaur  :  on 
aotara  (  x,  y  )  la  solutioa  axtdriaura  da  ca  probldaa  (2) . 


(2) 


X  =  f  (x.y) 


0  =  g(5,5f) 


X  (o)  =  Xo 


Comae  la  systdaa  sat  du  premier  ordra,  il  ast  natural  da  na  consarvar  qu*uaa  saula  coadition 
iaitiala,  calla  da  la  variable  laata  pour  laqualla  on  a  coasarvd  la  loi  d*dvolution.  Aiasi,  on  adaant 
uaa  diseoatiauitd  sur  la  variable  rapida  aa  t  •  o  (figure  1).  La  miaux  gua  nous  pouvoos  aspdrar  ast  done 
gua  i  soit  uaa  boaaa  approximatioa  da  x  at  qua  y  soit  uaa  boons  approximation  da  y  aauf  au 
voisimaga  da  I'origiaa  (axeaptioa  faita  si  g(xo,yo)-0). 


Fig.  1  -  Compmrs/so/1  de  le  solution  r^uite  et  de  le  solution  rOelle. 

2.1.2  -  Couflba  limits  Uitiala 

Z1  rasta  dome  4  dtidiar  la  eomportamamt  da  la  variable  rapida  y  au  voisimaga  da  I'erigima  das 
tsmpa,  ea  fui  sa  rdslisa  par  uaa  dilatatioa  da  l*dcballa  das  tamps  :  t  s  t/c  .  Il  ast  4  motar  gua 

I'om  ratramva  iei  la  pramidra  idda  guaat  4  la  ddfimitiom  du  paramdtra  e 


A 


4-3 


L«  problteA  (3)  aiui  obttnu  Mt  dit  probldM  d«  l4  coucbt  llpitt  (Initiftlt  car  oa  s'iDtdrasM  da&t 
c*  cat  aus  eoaditlona  loitialaa  )  at  sa  aolutioD  aara  notda  (i,y) 


=ef(*.y)  x(Q,c)  =  x 
at  " 


[  ^  y<0.c)=y^ 

una  approsiaatioB  ralaonaabla  da  ea  probldaa  (3)  apt  obtaaua  an  falaant  c=  o  / 

!X  (l)  =  Xo 

^  =g  <K  .y)  y<0,i:)  =  y 

La  probldM  da  eoueha  liaita  inltlala  aat«  coaaa  pour  la  solution  antdciauta,  da  dinanaion  plus 
(aibla  qua  la  probldaa  (1),  car  la  solution  ast  obtanua  an  rdaolvant  1 'aquation  diffarantialla  acalaira 
ralativa  d  la  variabla  raplda«  la  variabla  lanta  %  dtant  id  ftaaa  4  aa  aalaur  eonstanta  initials. 

Si  I'OB  coBpara  las  systanas  (2)  at  (4)*  il  apparait  qua  la  solution  rdduita  4  I'oripina  t  »  o  ast 
un  point  d'dquilibra  pour  la  concha  linita  initials.  Cast  ici  qua  sa  trouva  un  point  ddlicat  da  la 
■dtboda.  Id  affat,  pour  qua  I'on  puisaa  obtanir  una  appronination  uniforndnant  valabla  par  la  solution 
du  probldM  (1)«  il  faut  dtra  assurd  da  la  stabilitd  da  la  coucha  linita  initiala  par  rapport  4  ca  point 
d'dquilibra.  Las  conditions  da  raliditd  da  catta  approeha  sont  donndas  au  paraqrapha  suivant  S  2.2. 

2.1.3  ~  Solution  connosita 

Four  obtanir  una  appronination  pour  t  at  y  ,  ralabla  uniforndnant  sur  un  larqa  intarvalle  da  tanps 
y  eonpris  I'origina  t  ■  o«  la  ndthoda  la  plus  sinpla  consists  4  suparposar  la  solution  axtdriaura  at  da 
la  concha  linita,  an  rajoutant  das  constantas  da  faqon  4  obtanir  un  raccordanant  conuanabla.  On  obtiant 
ainsi  : 

(5)  I  x(U  ^  x(t) 

f  y(t)  =*y<0-y(o)  +  y(t) 


ConM  prdcddanMnt, 
Far  suits,  11  slant  : 

(4) 


2.2  ~  ThdordM  da  eonsarcanca  da  Tihonos 

La  saliditd  da  la  ddconpoaition  prdsantda  au  prdcddant  paragraphs  I  2.1  ast  toucnla  par  un  thdordna 
dO  4  Tihonos  rappald  ci-aprds  (fasov,  1945  ;  JUrdana#  19S3) . 

Solant  las  hypothdsas  suiTantas  : 

1)  las  foQCtloaa  f  at  g  du  probldna  (1)  soot  continuas  sur  un  cartain  donaina  ouvart  /I  da  I'espaca 
das  fariablas  s  at  y  ; 

ii)  la  probldM  rdduit  at  la  probldna  conplat,  ddfinis  par  (2)  at  (1).  ont  una  solution  unique  sur 
I'intarsalla  da  tanps  [o,  T]  ; 

ill)  il  azista  una  raclna  isolda  y  =  p(x)  au  probldM  rdduit  dsns  A ,  e'est-4'dirs  tails  qua  =  o; 

It)  catta  racina  ast  un  point  d'dquilibra  asyaptotiquanaot  stable  pour  la  coueba  linita  initials  4 
I'ordra  0,  ddfinis  par  (4)  ; 

t)  la  point  initial  (x„.y„)  appartiant  au  donaina  d'attraction  (x„.ij<x„h  associd  4  la  raclna  L  -  . 


Dans  can  conditions,  Tihonor  ddaontra  alors  las  rdsultats  suivaots  lorsqua  qua  I'on  fait  tandra  la 
parandtra  i-  aars  zdro  : 

1)  la  solution  coapldta  conaarga  uniforndnant  sur  [o.T]  aars  la  solution  rdduita  pour  la  aariable 
Isnts 

Urn  xtt.l)  =  x{0. 

t-*0 

2)  la  solution  conpldts  conaarga  uniforsdnant  sur  tout  intaraalla  U.ri  contanu  dans  10. T|  aars  la 
solution  rdduita  pour  la  aariibla  rapids  : 

lim  y(i-.i)  = 

3)  il  y  a  conaarganca  da  la  coucha  linita  y<t)  aara  la  ailaur  d'dquilibra  yo  =  M(Xo)  : 

lim  y (i)  = 

I  « 

D'un  point  da  aua  pratlqua,  il  conaiant  da  notar  qua  la  adritication  das  hypothdsas  fondanantalas 
ia)  at  a)  da  ea  thdordM  n'ast  pas  aisda,  notanant  dans  la  caa  noD-lindaira.  car  alia  fait  intaraanir 
daa  ndthodaa  d'analysa  du  conportsMnt  dynaniqua  daa  ayatdnaa  non-llndairaa.  D'abcrd,  il  paut  azistar 
plusiaurs  raeinas  d  I'dquation  g  (X,f)  ■  e  at  il  faut  ddtarninar  la  racina  la  "plus"  stabla.  tnaulta,  11 
faudrait  ddtarninar  la  dOMlna  d'attraction  da  catta  raclna,  ca  qui  paut  sa  rdadlar  ddlieata. 
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In  pratiqutf  on  ptut  Mi&ltMBt  Aoontr  ubb  eondltloa  plBt  CmIIb  4  v4rlflBr,  m4it  qui  B*«tt  qB« 
local*  at  n4eaaaalrt  : 


II  eoBTient  4e  Boter  qua  la  th4or4M  da  TihOBOV  aat  valabla  dqalaaaBt  pour  daa  ayitdias  bob 
autonoMS  at  pour  la  cat  qdadral  o4  a  at  y  aoBt  daa  vactaura  da  dlMBaioB  qualcooqua.  Pour  obtaoir 
davaotaqa  da  ddtalla  aur  la  ddaoBatratloB*  laa  diacuaaloBa  at  laa  qdBdrallaatioBa  da  ea  tbdordaa  ob  paut 
coBaultar  par  axaBpla  (Vaaow,  19dS  ;  irdaxa  1983) . 

2*3  '  DdtarBiaatioB  d*UBa  aaillaura  aBBroxiaatloB  4  l*aida  da  ddaaloppaaaBta  aa 


Si  I'oB  ddaira  una  aaillaura  approxiaatiou  da  la  aoluticm  qua  ealla  fouraia  pr  la  rdaolution 
prdaaotda  au  I  2.1,  11  aat  aatural  da  charcbar  uaa  aolutloo  par  ddvaloppaaaBt  aayaptotiquaa  daaa  la 
paraadtra  e  . 


Kappalooa  qu'un  ddvaloppaaaat  aayaptotiqua  4  I'ordra  o  d'una  foaetioB  r(e)  par  rapport  4  un 
paraadtra  e  aat  una  axpraaaioa  da  la  foraa  : 

n 

f(c)=  2  + 

k  -0 

tella  qua  laa  coBditloBa  auivaotaa  aoiaot  vdrifidaa  : 

k  -  I 

Iim{f(8)-  ^  a  c'V*^  =  a. 

C”*  0  i  »  0  * 

et  \im  pn(e)  =  0  . 
c-»0 

La  adtboda  da  ddvaloppaaaat  aaraptotiqua  aat  trda  utiliada  a&  pratiqua,  alia  a  paraia  da  rdaoudra  da 
faqoB  approchda  ub  graBd  Boabra  da  probldaaa  pbyalquaa,  daaa  daa  doaainaa  divers  coaaa  aa  adcaDiqua 
cdlaata,  aa  adcaaiqua  daa  fluidaa,  ate... 

Sob  applieatioa  aux  ayatdaaa  dyaaaiquaa  4  dchallaa  da  taapa  aultiplaa  a  dtd  dqalaaaat  affactuda  par 
da  aoabraux  autaura.  II  axiata  pluaiaura  fa^oa  d'appliquar  la  adtboda  da  ddvaloppaaant  asyaptotiqua  aux 
ayatdaaa  4  deballaa  da  taapa  aultiplaa.  On  paut  diatioguar,  par  axaapla  : 

a)  I'approeba  dita  "  daa  ddvaloppaaaota  aayaptotiquaa  raecordda**  <4rd*aa,  1983), 

b)  I'approeba  dita  "aultlvariabla**  (Saith,  1985). 

La  praaidra  approcha  aat  la  plua  aBciaBoa  at  auaai  la  plua  cooBua.  Blla  proedda,  da  facoB  analogue  4 
la  ddaareba  prdcddaata,  an  conaiddraat  d'abord  daux  ddvaloppaaanta  aayaptotiquaa  iBddpandantt  autta  aux 
:  I'un  pour  la  aolutioo  "axtdrlaura"  ou  "rdduita",  I'autra  pour  la  coueba  liaita  initiala.  Una  solution 
coaposita,  valabla  uaiforadaant  pour  tout  I'intarvalla  lO.TI  aat  anauita  obtaaua  an  suparpoaant  eas 
daux  aolutiona  at  an  ajoutaat  an  taraa  dlt  da  raccordaaaot  da  fagon  4  assurer  la  vdrifieation  des 
eoBditiona  aux  liaitaa.  Catta  approeba  prdsanta  ndanaoina  las  iBconvdniaBta  auivanta  : 

'  la  ealcttl  daa  taraaa  da  raccordaaaot  n'aat  toujoura  paa  trda  aiapla  4  aftaetuar  ; 

'  I'axtansion  au  eaa  aultivariabla  aat  coaplaxa. 

La  dauxidaa  approeba,  dita  "aultivariabla”,  aat  plus  rdeoDta,  alia  na  prdsanta  pas  las  iBcoBvdniaBts 
rancontrda  par  I'approeba  prdeddanta. 

Kappalona  bridvaaant  la  principa  da  catta  approeba  "aultivariabla",  due  4  O'Mallay  at  4  loppanstaadt 
(Saitb,  1985). 

On  ebareba,  pour  ebaeuna  das  variables  x  at  y,  un  ddvaloppaaant  aayaptotiquaa  ddfiai  da  la  fagon 
auivanta  : 

(  ii{t,c)  =  x(l,  e)  +ex'(i,e) 

]  y{i,t)-y  (t,  t)  y»  i%,  t)- y  (0,  c) 


x(t,c)=  5]  x^(t)  ,  x‘(i.c|= 

k  -  0  k** 


y(t,e)=  2 

k  -  0  k>« 


oi  I  .ft  l'4ek.ll*  4ii  tnp,  dllitfo  tu  .olslua*  4.  I'orlvis*  = 


Pour  1,  44?,loppm*nt  4.  la  .trlibl*  a,  1*  tan*  x>(k.t)  aat  aultlplii  par  la  paraabtra  c  pour 
taair  eoapta  4u  fait  qaa  la  aolutioa  4'or4ra  0  pour  la  .ariabla  laata  a*  eoutlaat  paa  4a  taraa  ralatif  4 
la  eoaeha  liaita  laitlala. 
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Pour  44fiair  eoBpl4tM*&t  1«  prebl4M,  on  lapoio  on  outco  lot  conditions  nttisantM  : 

-  x(t,c)et7(t,c),  qui  cnraetdrlnont  la  solution  "aztdriaura**,  doivant  satisfalra  la  lysttea  (1) 

pour  tout  instant  t  >  o,  c*ast*d-dira  : 


(•) 


~  (t.c)  =  f(x{t,c)  ,y(l,e» 

dt 

t— (t.c)  =g  (5E(t,t)  .y(t,c)) 
dt 


*  las  solutions  x>(i.e)ety>(i.e).  ralatlvas  A  la  coucha  linita  dolvant  adrlliar  las  conditions  : 

i9) 


lim 


x>(i.c) 

I  y‘(i, c)  -y(0,c) 


=  0 


In  tanant  conpta  das  ralations  (1),  (7)  at  (A)*  on 

doiaant  satisfalra  las  solutions  xi(i.e)ety>(i.eK 


an  dddttit  las  Aquations  dlffArantiallas  qua 
da  la  coucha  linita  initiala  : 


(10) 


dx‘ 

—  (i,c)=  c  (f(x,y)  -  f(x,yH 


dy' 

“  (i.  c)  =  Ig(x.y)  -  g(x,y)| 
dt 


A  partlr  das  Iq.  (7)  -  (10),  on  paut  dAdulra  qua  la  ddraloppanant  asynptotlqua  A  l*ordra  o  doit 
satisfalra  las  ndnas  A^atlons  (2) ,  (4)  qua  la  solution  aztAriaura  at  la  coucha  linita  initiala  du 
prAcAdant  paraqraphad  2.1).  La  solution  approchAa  donnAa  prAcAdannant  par  (2)*  (4),  (S),  constitua 
alnai  I'approxination  A  I'ordra  o  du  dAaaloppanant  asynptotlqua  dAfinl  par  (7)  •  (10). 

On  paut  notar  qua  las  Aquations  dlffArantiallas  ralativas  aus  tarnas  d*ordra  supArlaur  du 
dAvaloppanant  asypntotlqua  (7)  sont  toutas  llnAalras,  A  coafflciants  fonction  du  tanps.  Cas  tarnas 
pauuant  Atra  caleulAas  da  procha  an  proeha  A  partlr  das  fomulas  da  rAcurranca  (Snlth,  lOtS) . 


2.4  -  tttinslon  au  cas  da  pluslaurs  Achallas  datanns 

On  paut  Aqalanant  qAnAralisar  la  nAtboda  das  parturbations  sinoullAras  A  das  problAnas  oA 
apparalssant  pluslaurs  Acballas  da  tanps  : 

<ll) 

1  —  =r(x”,x' x")  x*(o)=x“ 

k  dt  « 

/  dx*  _i  I 

I  t  —  =f^(x".x‘,...x'")  x^(o)=x^ 

'  i  dt  » 


avec  ttj  >  i/Cj  -►  0  lorsquv  Cj  -►  0  j  =  1,2...  m  - 1 

etoii  x^,  xi...x*”  sont des  vectcursde dimension  no.ni..  nn) 

La  procAdura  ast  idantlqua  A  calla  affactuAa  poor  dans  Acballas  da  tanps  an  pranant  la  coueba  linita 
d'ordra  j  consa  solution  axtArlaura  da  la  coucba  linita  d'ordra  (1^1),  A  cbaqua  coucba  linita  Atant 
affactAa  una  nouualla  dilatation  da  l*Acballa  das  tanps  . 

Sous  rAsarua  das  bypotbAsat  da  stabllltA  pour  las  Aquations  ralatiaas  aux  eouehas  linltas 
•ucassluas,  Tibonoa  a  dAnontrA  Aqalanant  la  eonaarqanca  da  la  solution  conplAta  aars  la  solution 
axtArlaura,  lorsqua  tous  las  Cj  tandaot  aars  sAro  (Wasov,  1H5). 


3  -  APPLXCATIOP  k  U  DITKUlIliATlOII  Dl  U  COnumi  SOUS-OFTlllbLI  PIS  STSTSIIS  DimilRTIILS  POII'LimiUS 

L'apport  da  la  tbAorla  das  parturbations  slnqullAras  A  la  dAtamination  da  la  eonnanda  aous'optinala 
das  systAnas  rAqls  par  das  Aquations  dlffArantiallas  noa^lisAalras  ast  d'abord  dAcrit  brlAaanant.  Las 
problAnas  raneontrAs  dans  las  applications,  an  sa  llnitant  A  I'optislsatlon  das  traiaetoiras  d*auiona, 
•oat  ansulta  prAsantAs,  da  ntea  qua  las  solutions  utllisAas  pour  las  rAsoudra. 

3.1  -  Wtlnltloo  a» 

lolt  1.  lyittM  dynulqnt,  rigi  p«r  tel  tgaittoni  dtftteiBtlillii  BOD-liateirii  grtonttei  leu  1* 
tent  ilatwllirMmt  pirturbte  laiiuti  : 

X  -  r(x,y,u) 

ey  *  g(*.y.u) 


avec 


X  (o)  =  Xo 
y{o)  =  Yo 
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04  1,  t  ooDt  doi  voriaklot  4'4tat  4  valouro  rdollot.  4o  diMoolooo  roopoctivos  nietn]  ,  u  ost  lo 
voettur  dot  eoniidtt  dt  dlMotion  m.e  ttt  ua  pttit  ptrudtro  tetltirt. 

XI  t'agit  dt  trouvtr  uat  lot  dt  eotstadt  optittlt  u*U)  ptrMtttat  dt  trtatfdrtr  l*dttt  (x,  y)  do 
tyttdxt  (12),  d'aB  dttt  laititl  dexad  jotqt'd  ux  ctrttix  dttt  fixtl  (k (t«). y (t^))  dt  ftgoa  4  tiaixittr 
1* indict  dt  ce4t  intdaro-fiatl  ttivtat  : 


J  =:i|i(k  (tJ,y(t^))+  [  ^  L(K,y,u)dt 
j  o 


L'ixttant  fiail  tf  ttt  librt,  mU  I'dttt  final  doit  tatitltitt  4  ta  ttelttr  dt  contrtinttt,  dt 
diMBtion  r  : 

a(i(M.y(tfi)  =  0  . 

Poor  iiapllfiar,  l'*xpo«4  luiTant  urt  lalt  4u«  1*  et*  partieulier  taiTut  du  eontriiiitef  tinclM 
ed  l'dt«t  flul  tit  eoapldtiMBt  fixd 


(15)  (  K(w)  =  if 

(  y<ir)  =  yf  . 

Pour  It  ett  gdndrtl  dtt  eottriiatti  dt  la  fortt  (14) ,  It  pritelpt  dt  la  ■dt)iodt  dtMurt  valabla  , 
■ait  la  ddtanlBatloB  dtt  eoBttaBtta  d'lBtdgratioB  ttt  plot  eOBpltxt. 

SoulioBOBt  tBflB  qut,  data  It  but  dt  rtcbtreht  dt  loit  dt  guidagt  "ttapi  rdtl**,  It  probldat 
prlBcipal  eoBBittt  4  txprlBtr,  tl  pottiblt,  la  cotaaBdt  optitala  u*  tout  la  forma  tB  **500011  ftradt**, 
e*ttt-4-dirt  tout  la  font  d*UBt  loBOtloB  dt  l*4tat  eourast  (x,  y)  do  ayitdat  ; 

<“>  .  a.,  . 

u*  =  ♦(x.  y)  . 

Stvlt  ettti  foraulatloB  ptraat  d*adtpttr  tffletetmtBt  la  oommaBdt  pour  tiBlr  eompta  dti  dcartt  par 
rapport  4  la  trajtctolrt  optiaala  dot  4  dtt  ptrturbatioBt  dt  Baturtt  dittritt. 

1.2  -  Coiaaadt  oBtlmalt 

La  tolutloB  txaett  do  probldmt  d*optiBlaatioB  ddtiol  par  lit  Iq.  (12),  (13),  (15)  ptut  4trt  obtiBot 
IB  otlllaaBt  lot  eoBditlOBt  Bdetttalrtt  do  prlBclpt  dt  POBtryaglB  (IrytoB,  Bo,  1)75). 

Oo  ddflBlt  d'abord  It  BaailtoBltB  du  tyttdat  (12),  (13)  : 

(12)  H  =  L(x,y,u)+  Aj'f(x,y,u)+ ij*  (x.y.u) 

o4  A,,  A,  loot  Iti  Ttettori  adjoloti,  lolotloot  du  tyttdat  diffdrtatltl  : 


dll  _ 

dL 

df^ 

^!.a 

TT 

dx 

”  dx 

**  dx 

dx  y 

dX 

_ _ 1 

dH  _ 

dL 

X  - 

dt 

iy 

s 

if  f 

ddilrdtt  (15)  tor  l*dtat. 


toot  dtt  coBitaotit  arbitrairtt  4  ddttralBtr  dt  fagoB  4  obttoir  Itt  coodltioBi  flBaltt 


ba  ooaaaBdt  optiaala  u*  doit  atiurtr  la  aioiaiaatioo  du  laailtoBitB  daoi  It  tout-ttptet  u  dtt 
comadti  tdaitiibltt  (auppeid  iBddptBdaat  du  ttapt)  : 

(19)  u*  =  ArgMin)l(x,y,  Ak,  Ay  u) 

uC  U 

11  ttt  4  BOttr  gut  It  laalltOBitB  ddtiui  par  Ig.  (17),  (It)  ttt  Itgdrtatat  dlffdrtBt  dt  ctlui 
babitatlltatBt  adopt)  pour  It  prioeipt  dt  PoBtrytgiB.  Ot  ptut  tdrifitr  titdaiBt  gut  cti  dgaatioBi 
pauTtat  dtrt  dddaitti  dt  la  foraulttioa  eltiiigut  dt  PoBtryagia  aoytBBUt  ub  cbtBgtatBt  dt  ttriablt  aur 
It  Ttettnr  adloiot  tttoeid  4  la  Ttriablt  rtpidt  y  (drdtaa,  Iftl). 

bat  dgaatioBi  (It)  aoatrtat  tlBti  gut  Itt  Ttctturt  tdioiati  A„  A,  oat  Iti  ataat  dyBtalguti 
gat  laa  Ttritblta  d*dttt  (x,  y)  du  tyatdaa  (12),  e*tat'4-dlrt  gu*tu  Ttettnr  dt  Ttriablt  Itata  x 
eotrtapoad  aa  Ttetauz  adjoiat  **11X4**  A,  at  gu'au  Ttcttur  da  Ttxitblt  rtpidt  y  eorrttpoBd  ub  Ttettnr 
tdJoiBt  *'rapidt*'. 

Oa  tnppoaa  gut  la  rdaolutioa  dt  (19)  ptraat  dt  atttra  la  eotaiadt  optiaala  tout  la  toraa  txplieitt 
IBiTBBtt  > 

(M) 


“♦(x,y,A„A,) 


Iam*lou  44r*l«Miit  HIM  propri4t4  iiportut*  qul  ut  lourait  utilitte  n  pratique  pour  ditaruiBur  la 
co—aida  optiBala  a>  'bmcla  faiada*  par  la  taelialqua  daa  parturbatioBi  alBOUlldrua  (uoir  axairpla  plua 
loin  I  3.4). 

CoBM  laa  ayatdaaa  eoBalddida  aont  autoaoaaa,  11  aat  faeila  da  aoDtrar  qua  la  eouditloD  d'optiaalitd 
(13)  autralua  qua  la  laBlltonlan  aat  eonataat  tout  la  long  da  la  trajactoira  optiBala  : 

<il)  =  Cate 


Far  aillaura,  caan  la  taapa  flaal  aat  libra,  ob  aoBtra  qu'il  doit  dtra  ekoiai  da  faqoB  qua  la 
laailtoBiaa  fiaal  aoit  buI,  c'aat-4-dira  : 


ea  qui  iapllqua  alora  qua  la  laalltoBiau  raata  idaotlquaMut  buI  tout  la  Iobb  da  la  trajactoira  optiaala 
(33)  H(x*,yM,M/,u»)  =  o  . 


3.3  -  iBBlicatioB  da  la  thderia  daa  uarturbatioBB  aiBBuliteaa 

La  rappal  du  prlBCipa  da  Foatryagia  aat  aa  dridaaea  laa  difficultda  raacoBtrdaa  pour  ddtaraiaar  la 
coaaiBda  optiaala  aa  'bouela  (arada*.  O'abord,  at  aurtout.  il  coBTiaBt  da  rdaoudra  ua  ayatdaa 
d'dquatioaa  dlffdreBtiallaa  Boa-liadairaa  da  diaaBaioB  Z(ni  +  ny)  coupldaa  coaatitudaa  par  laa 
dquatioaa  d'dtat  (13)  at  adjolata  (It),  coapta-taBU  da  la  eouBaada  optiaala  (30).  II  a'agit  14  d'ua 
probldaa  aux  daux  bouta  aaae  daa  coBditioBa  iaitialaa  at  fiaalaa  aur  I'dtat.  laauita  I'axpraaaioa  (30) 
aa  fonralt  paa  uaa  adritabla  eaaaaada  aa  bouela  farada,  puiaqu'alla  fait  iBtaraaair,  outra  I'dtat  x,y, 
laa  aariablaa  adjoiataa  X„Xy  . 

la  raaaxquaat  qua  la  ayatdaa  diftdraatial  (13),  (It),  (30),  4  rdaoudra  aat  aa  daidaBca  I'axiateaea 
da  daux  deballaa  da  taapa  diatiactaa,  da  par  aa  foraa  aiBgulidraaaat  parturbda,  uaa  rdaolutioa  approehda 
aat  obtaaua  aa  appllquaat  la  adtlxoda  da  ddTaloppaaaat  aayaptotiqua  prdaaatda  au  i  3  prdeddaat. 

Oaa  approxiaatioa  4  I'ordra  o  paut  dtra  aiaai  obtaaua  aa  rdaolaaat  d’abord  la  ayatdaa  rdduit,  aa 
lalaaat  r  =  0  ,  poia  aa  affeetuaat  uaa  eorraetioa  da  eouebaa  liaitaa,  aprda  dilatatioa  du  taapa. 
Toutafoia,  eeaaa  laa  eoadltioaa  anx  liaitaa  aoat  doaadaa  aa  partle  4  I'iaataat  iaitial,  at  aa  partia  4 
I'iaataat  (iaal,  il  aara  adeaaaaira  da  eoaaiddrar  daux  eouebaa  liaitaa  pour  raceordar  laa  coaditioaa 
iaitialaa  at  fiaalaa  aur  la  aaetaur  da  yarlablaa  rapidaa  y. 


L'applleatioa  da  la  tbdorla  daa  parturbatioaa  aiagulidraa  daaa  la  rdaolutioa  daa  dquatioaa  (13), 
(It),  (30)  pant  dtra  raprdaaatda  aoua  la  foraa  dquiaalanta  auiaaata. 

la  aa  liaitaat  4  1* approxiaatioa  d'ordra  0,  I'i^tialaatloa  du  ayatdaa  iaitial  (13),  paut  dtra 
rawlaeda  par  I'optiBltatiea  da  troia  ayatdaaa  da  diaaaaioaa  plua  rdduitaa  : 

'  la  praaidra  aat  ralatiaa  4  la  aolntioa  axtdriaura  (ou  rdduita) ,  obtaaua  aa  f aiaaat  c  =  0  , 

-  la  aaeoada  eat  relatiya  4  la  eorraetioa  da  eoneba  liaite  iaitlala , 

-  la  trolaidaa  aat  relatiya  4  la  eorraetioa  da  eoueba  liaita  flaala. 

La  cnnadi  eeapoaita  aat  anaulta  obtaano  par  auparpoaitioa  daa  aolutioaa  obtaauaa  daaa  laa  troia 
dtapaa  prdcddaataa. 


3.1.1  -  lolutioa  axtdriauta  (approxiaatioa  d'ordra  0) 

La  probldaa  rdduit  aat  ddfiai  an  faiaaat  e  =  o  daaa  laa  dquatioaa  d'dtat  at  adjoiataa,  at  laa 
eoadltioaa  d'optiaalitd. 

On  pout  Boatror  qoo  la  eaaaaada  optiaala  eorraapeadaata  aat  doaada,  da  fagoa  dquiyolaata,  par  la 
rdaolutioa  da  probldaa  d'aptialaatioa  da  dlaaaaioa  aoiaa  dlaada  o4  a'intarrlaat  plua  qua  la  yaetaur 
laat  X,  doat  I'daolutloa  aat  rdgl  par  la  ayatdaa  diftdraatial  : 

<**>  i  =  f(I,y.u)  x(0)  =  x,. 


od  la  ayabola  ( •  )  aat  ralatit  4  la  aolatioa  axtdriaura  (ou  rdduita) . 

Daaa  eatta  dqoatioa,  laa  variabloa  (f,  D)  aeat  lei  laa  coaaaadia,  ooa  iadOpaadaxtaa  at  ralidea  aatra 
allaa  par  la  ralatiea  iaplieita  : 
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L'iAdic*  A*  p^rfonuc*  A  aiAlaistr  Mt  iAMtiqn*  A  l*im6ic^  du  problAa#  CMplpt,  e*Mt-A^ir« 
ddflai  ptr  (13) .  L*4t«t  floal  tur  1«  v«ct««r  l«4t  x  «dt  (1x4  At  doxxA  p*r  uxt  ptctlx  d«  lx  coftAitiox 

(15)  : 

(25)  = 


3.3.2  -  Couchx  lixitt  initixlt  (or4r«  0) 

Lx  coach*  lixlto  laitixlo  porxct  4x  rxccordor  lx  co&ditiox  ixitlxXo  xur  Ic  vtctour  rapid*  y.  Ell* 
**t  obt*aa*  *0  *(f*ctoxiit  uo*  dilatation  du  t*np*  xu  voiainx0*  d*  1*  instant  initial  t  =  t/e  ,  puis  *n 
(xisont  c  =  0  .On  pout  sncor*  nontrsr  <pi*  lx  eoanond*  optinxl*  eorrsspondxnt*  sst  donnd*,  d*  (aeon 
Aqnifxlsnt**  par  lx  rdsolution  d'un  problAa*  d'optinisxtion  plus  sinpl*  qu*  1*  problAn*  original  oA 
n'int*rri*nn*at  plus,  c*tt*  fois-ei,  qu*  1*  v*ct*ur  rapid*  y.  L*Atolution  d*  et  v*et*ur  ast  xlors  rdgi 
par  1*  systdM  dif(dr*ati*l  suivont,  dons  l*qu*l  1*  rxetaur  iMkt  z  *st  (igd  A  sx  vxlxur  initial* 
constant*  xo  : 


—  y(®>  =  yo 


oA  1*  synbol*  (*)  ost  r*lati(  A  lx  solution  d*  couch*  linit*  initial*. 

Monnoins,  I'lndic*  d*  eoAt  du  problAn*  sinpllfiA  export*  ici  un  t*m*  d*  pondArxtion 
sttpplAn*nt*ir*  portont  sur  lx  dynoniqu*  d*  lx  vtrixbl*  l*at*  (K*ll*y,  1972)  : 

(27)  ,  I  * 


L*  eo*((iei*nt  d*  pondArxtion  xst  lx  vxlsur  initial*  du  v*ct*ur  adjoint  rslxtif  xu  vftctxur  l*nt 
z,  provxaxnt  d*  lx  rdsolution  du  problAn*  •ztAriour.  Lx  prAsxnc*  d*  c*  t*rn*  d*  pondArxtion  portxnt  sur 
lx  sxrixbl*  l*nt*,  dxns  I'intAgrxnd*  du  coAt  (27),  p*m*t  d'xssursr  1*  rxccord*n*nt  d*  lx  couch*  linit* 
initial*  A  lx  solution  sztArisur*. 


II  *st  *ncor*  A  not*r  qu*  l*s  hypothAs*s  rslxtis**  xu  thAorAn*  d*  Tihonov,  prAssntAos  xu  I  2.2., 
p*m*tt*nt  d**ssttr*r  l'*sist*nc*  d*  lx  solution  d*  c*  problAn*  d*optinisxtion  A  horison  infini  ot  d*  lx 
conv*rg*nc*  d*  lx  couch*  linit*  initial*  v*rs  1*  solution  sztArisur*,  c'sct-A-^dlr*  : 

lim  y  (i)  »  y*  (»o) 


(28x) 


oA  y*{jto),ii*(*«) 


Um  A*  (i)  =  Tl*(x<,) 

sont  l*s  Txlsurs  A  l*instxnt  t«o  d*  lx  solution  sztArisur*  (voir  13.3). 


3.3,3  -  Couch*  linit*  (Inxl* 

Dxns  1*  exs  prAssnt  oA  l*oa  inpos*  AgslsMat  un*  condition  linxl*  sur  1*  vsetsur  rapid*  y,  un* 
couch*  Unit*  final*  *st  nAcsssxir*  pour  rxccordor  lx  condition  (inxl*  sur  lx  vxlsur  (inxl*  yr  .  Lx 
dAnxrch*  *st  xnxlogu*  A  coll*  d*  lx  couch*  linit*  initial*. 

L'Aquxtion  dynoniqu*  *st  obtsnu*  so  (xisxnt  un*  dilatation  du  txnps  xu  voisinxg*  d*  I'instxnt  final 
(o=(tf-tfc).  puis  *0  (xisxnt  e-0  .  L*  problAa*  d*optiaisxtlon  "Aquivxlsnt"  ost  dAfini  par  l*s 

Aquations  suivxatss  : 


—  =  -glXf.y.u|  avec  y(Of)  =  yj. 


(30)  J  =  _  I  (L  (*,,y.u)  +  A^.f(x..y,u)|do 

Ct  problta.  4‘optlmiMtloB  .it  ptrlcttMot  uilosii.  t  c.l«l  4.  1*  eoucht  llpit.  iDltltl..  II 
eoii*i.nt  d.  not.r,  ndtnaolBi.  im.  dlffdmc.  qut  n  rd*dl.  laporttat.  du,  la  pratiqu,  :  la  coanTpaaea 
Tara  la  aelntloa  axtdrlnra  aat  obtaaaa  aa  latdprut  I'dqaatloa  da  la  eeaeba  llalta  dua  la  aaaa 
rdtrogiada,  c'aat-d-diia  aa  tupa  ipTaraa,  4  partlr  d'ua  tmpa  flaal  qui  a'aat  paa  cobbb  a  priori. 

Co—a  poor  la  coaoba  liaita  iaitiala,  la  tbdordM  da  Tiboaov  feurait  laa  coaditioaa  da  coavarpaaca 
aaiautaa  poor  laa  quutitda  ralatiraa  4  eatta  coueba  liaita  (iaala  : 

liiny(o)  =  y’(«(i 
tiSb)  0^* 

lim  u*  (o)  =  u*  (x|) 

oA  y*(xf)*iu*(xf)  xont  l*s  vtlsurs  iinnl**  d*  lx  solution  •ntArisur*  (I  3.3J3a 
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3.4.  Cm  icalaif 

D«ai  X*  CM  oik  loi  v«ri«blM  x  ot  y  4u  probiteo  eoaplot  (12)  xoAt  tcalalrof,  I'tpproxiMtion  d'ordro 
do  Xo  ttkdorlo  dot  porturbotlofts  tioauXidrot  porMt  do  louroir  u&o  ooXotiob  oaoXytiqoo  coapXdto  poor  Xo 
eoXcttl  do  It  roMindo  optlMlo. 

3.4.1  *  Solution  oxtdriottro 

11  oot  4  ootor  duo  Xi  riooXution  du  probXdoo  rdduit  (23)  folt  iatorTonir  lo  HoBiltonioa  auiraot.  oik 
la  contrainto  couraato  (24)  oat  prlao  on  eoapto  par  I'iatrodactioa  d*ua  aultiplicatour  do  Laprango  Xy  : 

(31)  il(it,y.X,.Xy.u)  =  Lir.y.m  +  X,f(¥,y.ai  +  Tyg(K.y.a) 


ot  quo  I'dqttatiM  adjoiato  qui  rdgit  X.  s'derlt  : 


(32) 


auec  X  (t  )  =  V 

*  f  X 


Loo  cowandoa  optlaaloa  doifoat  niaialaot  lo  HaaiXtoaioa* 


Kb  toaaat  coapto  do  la  aullitd  do  la  coatralato  (34)  ot  do  la  nullitd  du  Baailtoaiea  optiaal  (22)^ 
11  oat  poaaiblo  d*41iaiaor«  daaa  lo  aealairo,  la  variablo  adjointo t,  do  (31)  ot  lo  aultiplicatour  Xy. 
ot  do  io  raaoner  au  probldao  : 


(33) 


r.u-=  ^'^^2  U.7,n.- 


avoe  la  coatralato  g(x,y.u)-o 


On  pout  odrifior  quo  lot  oalouza  optiaaloa  do  y*  ot  do  u*  aoat  alora  doaadoa  par  : 


(34) 


y*.u*  = 


Arg  Min  l-.ffi.y,  u) 
y.n  fd.y.Q) 


IArgMax  1  L(y,y,ij)  1 
1  fffi.y.B)  f 

avecgdi.y,  u)  »  0 


si  f(«)  >  0 


si  f(«)<  0 


3.4.2  -  Coucbo  liaito  laitialo 


Lo  Baailtoaion  du  probXdao  (36).  (37)  a'derit  : 

i?  =  L  (Xo,  J ,  a)  +  X,;  f  (x,.  J,  6)  +  X,.g(x„  #.  6) 

Li  .«lmr  iBiti.l*  X,,  d«  1«  TtriBbl.  adjoint,  lanta  aat  donnda  par  la  ralatioa  aulTanta,  obtaaua 
an  tanant  eonpta  da  la  nullitd  du  lanlltonlan  optlnal  : 


135a) 


L(x^,  y*  (o),  u*  (o)) 
f  (*  ,y*  (oi.  u*  (0)) 

o'  *' 


Ba  toaaat  coapto  do  (34) .  cotto  rariablo  oat  uaiquoaoat  uao  foactioa  do  la  oalour  laitialo  x^  : 

(3Sb)  X*^=^Xj^(xq) 


La  coaaaado  optlaalo  du  probldao  (26) .  <27)  pout  dtro  oacoro  obtoauo  do  fagoa  oxplicito. 

la  offot.  I'iatdgralo  proaidro  du  Baailtoaion  aul  poraot  d'dliaiaor  1' adjoint  Xy  ot  d'obtoalr  la 
coaaaado  optlaalo  par  la  rdaolutioa  du  probldao  d'optiaiaotioa  otatlquo  luioaat  : 


(36) 


/  Arg  Min 


Arg  M«x 


B 

L(x  ,y.d)+X  -fix  ,y,0) 

o'-'*  g  o" 


d  (X  .J.fi) 


»  f(.)>0 


•i  *(.l<0 


l.d.3  - 

La  ddnaieka  aat  aaalogna  d  call,  da  la  eoueba  linlta  Initlala.  On  ta  dddalt,  da  la  ndna  (anon,  ana 
eoBBanda  optlMla  u«  an  foaetloa  naidnaaaat  da  la  uarlabla  d'dtat  4  I'inataat  final  xrat  da  la  aariakla 
raplda  y 
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3.S  -  C0Mi»d»  rtwtwaii**  «i  bo«el>  —  tmaa  tUl 

L*  •ovarpotitloB  d*i  lolstloas  obtnau  dua  It  rttlat  *«it4titatt''tt  4tat  lat  eotektt  llaitt 
ititltlt  at  fitalt  ptntt  d'at  dddtira  ma  eoaaaada  eoapoalta  u^<t>  aaifendaaat  falakla  toot  la  loot  da 
la  trajactoira.  la  at  liaitaat  d  I'avproziBatloa  d'ordra  0,  eatta  eeaaaada  a'derlt  : 

up.(t)  =  {a(i„$(in-a  (a,.;(i,u)  +  ii(i,7(n)  +  (u(»f.y(<i))-n(«f.y(«»))l 

C.L.  initiale  S.axt4rieiire  C.L.  final* 

Catta  eoasaada  eoapraad  trola  tanaa  :  na  taraa  ralatU  d  la  aelatioa  axtdrlaara  at  dauz  taraaa 
ralatifa  aaz  coaebaa  liaitaa  iaitiala  at  fiaala.  Ilia  ddpaad  da  ta«OB  aaplielta  da  I'dtat  ialtlal 
(>o.yii)  .  da  I'dtat  (iaal  (xr.yr*  at  da  taapa  eonraat  t. 

Daa  eoaaaada  aa  "beuela  farada"  aat  obtaaaa  an  taaaat  eeapta  daa  raaarqnaa  aaivaataa  : 

1)  daaad  oa  aat  aafllaaaaaat  dloltad  da  la  eoaeba  llalta  fiaala,  la  eoaaaada  ralatlva  d  eatta  daraldr* 
aat  laflaiaaat  patita,  oa  a  aa  aftat,  d'aprda  (Itb)  : 

|'uUf.y(o))-u(ir.y(xt)  1 
b  dtaat  aa  aoabra  peaitll  flai; 

li)  d  I'laataat  ialtlal  t>a,  la  eoaaaada  Up,(a)  aat  aaidaaaaat  aaa  loaetloa  da  I'dtat  ialtial  (xo,y„)  . 

■a  aflat,  aa  auppoaaat  qaa  I'oa  arrita  d  rdaoadra  eoapldtaaaat  da  aaaidta  aaalytiqna  lat  probldaaa 
rddait  at  da  eoaebat  liaitaa,  ea  qal  aat  la  eaa  poar  daa  Tttitblaa  aealairaa,  la  eeaaaada  (31),  eeapta 
taaa  da  la  raaarqaa  prdeddaata  at  daa  tq.  (3d),  (3ta),  aat  da  la  foraa  : 

(3*a)  Up,  (i„)  =  ft  (x„.  yo) 


ill)  la  eoaaaada  da  eoaeba  llalta  Iaitiala  eoaaaraa  aayaptotiqoaaaat  aara  la  eoaaaada  da  aelatioa 
axtdriaara  (aoir  ■«.  (Ida). 

la  eoaaiddraat  aaaalta  ebaqaa  iaataat  eoaraat  t  eoaaa  iaataat  ialtlal,  oa  obtlaat  aiaai  aaa  eoaaaada 
aa  ’boaela  farada*,  aalabl*  aniforadaaat  la  loag  da  la  trajaetoira,  d  I'aaeaptloa  da  toitiatga  da  I'dtat 
liaal  (Kabrt  at  Co.aataara, . . .  1«1«)  : 

(Idb)  Up,a)  =  u(x(l).y(t). 


La  flgara  (2)  illaatra  eatta  rdaetaaliaatlon  da  la  eoaaaada  daa*  la  ea*  da*  aariablaa  a  at  t 
aealairaa. 


Fig.  2  ■  Commande  composita, 


l.t  -  ait*B*iee  amt  atatdaaa  aolttrartablaa 

La  ddeoapoaitioa  d'aa  probldaa  da  eoaaaada  optiaala  par  aa  ayitda*  dyaaalqa*  d  daoa  deballa*  da 
taapa,  aa  troia  probldaa*  aaeeaaaif*  plaa  aiapla*  : 

-  eoaeba  liaita  iaitiala, 

-  aelatioa  aatdriaara , 

-  eoaeba  llalta  fiaala, 

aat  aa  rdaaltat  toot  d  fait  gdadral.  TOatafeia,  oa  a  a*  gaa  la  eoaaaad*  optiaala  aa  paat  paa  dtra 
faeilaaaat  aaplleitda  aa  boaela  farada  aar  I'dtat  aaal,  aaaf  daa*  la  ea*  od  1*  Tarlabl*  laata  at  la 
aariabla  rapid*  aoat  toot**  la*  dan*  aealairaa.  Daa*  e*  ea*,  aa  affat,  il  aat  poaalbl*  d'dllaiaar  la* 
adjolat*  at  d'dritar  la  rdaolatloa  da  problda*  aaa  daoa  boat*  i**a  da  I'applieatioa  da  priaeip*  da 
roattyagia.  roar  traitor  1*  ea*  gdadral  d'aa  aratda*  aaltirariabl*.  daoa  aptreebo*  aaat  pooaibla*  aa 
icatigoa,  aapgoaaat  I'aa*  at  I'aatr*  ga*  la  rarlabl*  laata  a  aat  aealalra,  oa  aaeor*  go*  la  problda* 
rddait  palaaa  dtra  rdaola  da  aaaldr*  aaalTtlga*. 


i.t.l  - 
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<»  t«M«  wiltlplM.  i  rtotritiaa  “eoapltf " 

L«  Tcettvr  rapid*  j  aat  alla-ada*  ddeoaposd*  *a  fariafelat  aealalttt  yiti  =  1,...  n-l) 
da  rapidltd  croiaaaat*. 


l<*a  dqaatleaa  aoat  derlta*  aous  la  fora*  aairaat*  : 


(3«) 


«  =fCr.yi,  .yo-i.«) 
eyi  =  giU.yi....yB-i.u) 
c“**yn-i  =  *ii(«.yi.  ...yo-i.u) 


b*  ddsarek*  prdeddaat*  (I  3.4)  a*  dtedralla*  dlraetaaaat.  b*  problda*  d'optialaatioa  laitlal  d'ua 
ayatda*  da  diatasioB  a  aat  ddeoapoad  aa  a  prabldaaa  d'optlaiaatloa  atatiduaa  tai  pauraat  Itra  rdaolua. 
da  proeha  aa  precha,  aa  partaat  da  la  aarlabla  1*  plua  laata  aara  la  Tarla)>l*  1*  plua  rapid*. 


Caga*  prdeddaaaaat,  ua*  rn—aada  aa  *boael*  farad**,  aalabl*  uaitoradaaat  1*  load  da  1*  trajactoir* 

4  I'aacaptioB  da  aeiaiaap*  da  I'dtat  fiaal,  aat  doaed*  par  la  eeaaaad*  rdaetaaHada  foarai*  par  la 
caaaaad*  ralatia*  d  la  esaeh*  limit*  iaitial*  la  alaa  raald*. 

b'iaeoaadaiaat  da  eatt*  ddaarch*  aat  1‘kppotkdaa,  pa*  toajoar*  pkyaiqaaaaat  iaatifida,  da  la 
adparatioa  eoapldt*  da*  dekallaa  da  taapa  du  apatda*.  b*  priaeipal  araatag*  rdaid*  daaa  I'obtaation 
d'aa*  eaaaaad*  aoa-liadair*  par  ratoar  d'dtat. 

3.i.2  -  biadariaatioa  da  la  eoaek*  liaita 

Catt*  approeh*  paraat  d'daitar  I'kypotkdat  d'aa*  adparatioa  eoapldt*  daa  dekallaa  da  taapa 
aaltiplaa,  at  da  traitar  globalaaaat  1*  eaa  d'aa*  coach*  liaita  eoaportaat  pluaiaara  aariablaa. 

Coaaiddreaa  d'abord  1*  eaa  d'aa*  coach*  liaita  iaitial*.  II  aat  aaeor*  poaaibl*  da  rdaoadr* 
axplieitaaaat  1*  ddtaraiaatioa  da  1*  eoaaanda,  du  aoiaa  pour  I'approxiaatioa  d  I'ordr*  o,  aa  liadariaaat 
la*  dquatioaa  da  It  coach*  liaita  autoar  da  la  aolutioa  aoaiaal*  ddtiai*  par  la  aolutioa  axtdrlaur*. 

ba  liadariaatioa  da  I'dguatioa  (Id)  at  da  I'iadie*  da  eoftt  (27)  autoar  daa  aalaura  d'dquilibct  (x,, ;(«„)) 
ralatia**  d  la  aolutioa  aatdriaara,  a'derit  (Brraoa,  Bo,  1P7S)  : 

I—  =  A8y  +  B8u 

di 

J=  18y’'8a’')l-j^T  rI'IsgW 


A  ^ 

A) 

«VM 

A  SS  ~ 

,B=  — 

0  ^ 

,<l= 

S 

o’ 

4^  =  #(t)-y*(i<,),8a  =•  a<i).a*<x„) 


baa  duaatltd*  d,  B,  Q,  S,  2,  iataraaaaat  daa*  (dO)  aoat  daa  coaataata*  datludaa  tu  poiat  d'dgailibre 
(i,.^(x,))  ralttif  d  I'iaataat  iaitial. 

ba  eoaaaad*  optiaal*  80*  pour  It  coach*  liaita  iaitial*  aat  doaad*  par  1*  aolutioa  claaaiqu*  du 
probldat  liadtlr*  d  codt  guadratigu*  aa  horlzoa  lafiai  : 

(dl)  go*  =  -R"  (B''P  +  S*)8y 


od  P  aat  la  aolatioa  aaai-ddfiai*  poaitia*  da  I'dgattioa  algdbriqa*  da  tieeati  (brytoa.  Bo,  1978)  : 
(42)  PA  t  A'P  d-  Q  -  PBK'B’P  =  « 

avac  A  =  A-BK*S'.  ft  =  <d-Sir*S' 


b'azlataaea  da  1*  aolatioa  Pd*  catt*  dqaatioa  aat  lid*  dlraetaaaat  tux  eoaditloaa  da  atabilitd 
tayaptotiqu*  da  la  coach*  liaita. 

b'tTaatag*  da  eatt*  ddaarch*,  par  rapport  d  It  adparatioa  eoapldt*  da*  dchallat  da  taapa,  aat 
du'all*  paraat  da  traitar  aiaultaadaaat  alualaura  aariablaa  at  par  auit*  paraat  d'daitar  la* 
iocoaadaiaata  do*  d  ua*  adparatioa  trtifieiall*  da*  dyaaaiqua*. 

ba*  iaeoaadaiaat*  tout  da  data  aortaa  : 

-  d'aa*  part,  I'hipothda*  da  liadaritd  iapoa*  qua  la*  coaditioaa  iaitial**  a*  aoiaat  paa  trop  dloigadaa 
da*  Ttlaara  d'dqailibr*  da  la  aolatioa  aztdriaara, 

'  d'tatr*  part,  1*  ealeal  da  la  eoaaaad*  adcaaait*  la  rdaolatioa  d'ua*  dquatio*  aatrieiall*  tlgdbriqu* 
da  Heeatl,  doot  la  aalaar  ddpaad  qa*  I'dtat  iaitial  «o.  Paa*  1*  eaa  d'ua*  rttetuallaatioa  da  1* 
eeadltioa  iaitial*,  ea  dolt  aiaal  rdtoqdr*  eatt*  dqaatloa  d  ehaqu*  laataat  eoaraat  t,  e*  qui  paut 
eoadalra  d  do*  taapa  d*  ealeal  prakibltif*  pour  aa*  atllltatioa  aa  taapa  rdal. 


1*4  liA^ariMtion  procM*  d«  ficoB  tstlopu*  4  C4ll4  d«  l4  cotteb*  Halt*  iaititl*  ;  •1\9  m  diffdr* 

e«p4ad4Bt  par  poiats  suifiata : 

'  1«  ehaapaaaat  d*deb«ll4  d«  taapa  aat  o  =  (tf  -  tVe  ; 

•  !•  poiat  da  liadariaatloa  ast  la  poiat  d'd^llibra  ralatit  4  I'lastaat  fiaal  (xr,y<xr.))  « 

*  la  eoavarpaaea  aat  abtaaaa  aa  taapa  iavaraa,  at  11  faut  praadra  la  aolutioa  ■aid.-ddfiaia  adpativa  M 
da  l*d^atloD  da  Riecati  (42). 

Oa  aotara  aafia  qu'il  aat  poaalbla  da  cMiblaar  las  daax  "raeattaa"  prdeddaataa,  an  travaillant  aur 
daa  dchallaa  da  ta^a  aaltiplaa,  cerraapoadaat.  laa  oaaa  4  daa  coucbaa  liaitaa  aealairaa,  laa  autraa  4 
daa  eoaelMa  liaitaa  aaltivariablaa  liadarlaablaa. 

3.7  -  Aadlioratioa  da  la  ardciaioa 

Pear  aadliorar  la  prdciaiea  da  I'approxiaaticm  d'ordra  0,  daux  taehaiqaaa  oat  dtd  utiliadaa  : 

1)  ddraloppaaaat  aapaptotiqua  4  I'ordra  1, 

2)  priaa  an  eeapta  da  "paaado-aolatioa  axidriaara**. 

La  praaidra  adthoda  utiliaa  la  adaa  ddaareha  <[aa  la  adthoda  daa  ddraloppaaaata  aayaptotiquaa 
raceordda  dent  la  priaelpa  aat  axpoad  daaa  (Ardaaa,  1983).  L'inceardniaat  aat  qu'alla  aat  an  oauara  daa 
ealeula  coaplaxaa  at  il  aat  diflicila  d'obtanir  daa  aolutiMia  analytiquaa,  4  I'axcaption  da  qualquaa 
axaaplaa  aiaplaa  coaaa  I'intarcaption  dana  on  plan  horixMital  (¥iaaar«  Sbinar,  1986). 

La  aaeoada  adthoda  coaaiata  4  raaplacar  la  aolation  axtdriaura  par  una  "paaudO'aolatiM  axtdriaura", 
obtanua  an  traitant  ainultandnaat  laa  dqnatlona  an  x  et  ey  du  ayatdna  (39),  e'aat“4-dira,  an  auppoaant 
qua  la  rarlabla  y,  aat  4  la  adna  dehalla  da  tanpa  qua  la  rariabla  lanta  x  (Caliaa,  Moardar,  1982) 


3.8  -  Probldnaa  nratiouaa  at  aolutiona 

Si  l*appllcation  da  la  thdoria  daa  partorbationa  ainqalidraa  (P.S)  4  la  ddtarnination  daa  loia  da 
connanda  aoua-optinala  na  ndeaaaita  paa  da  ddraloppanant  aathdnatiquaa  CMplaxaa,  au  noina  loraqua  qua 
I'on  aa  linita  4  1' approximation  d'ordra  0,  da  nonbrauaaa  difficultda  ont  dtd  raneontrdaa  an  pratlqua  at 
4  I'haura  aetualla,  il  n'axiata  paa  aneora  da  ndtboda  "airacla"  parnattant  da  rdaoudra  da  faqon 
aatiafaiaanta  toua  laa  probldnaa.  Ca  paragrapha  rdauaa  laa  daux  prineipaux  obtaclaa  rancontrda  qui  font 
qua  I'applieation  da  catta  thdoria  daa  P.S.  4  la  e<»nanda  optinala  raldva  4  I’haura  actualla,  plua  da 
I'art  qua  la  thdoria. 

3.8.1  '  Pdtarnination  daa  dchallaa  da  tanna 

Un  travail  prdlininaira  conaiata  4  nattra  laa  dquationa  da  la  dynaniqua  d'un  ayatdna  diffdrantial 
non-lindaira  aoua  la  foma  aingulidranant  parturbda,  ai  poaaibla  du  typa  (39),  c'aat*4-dira  avac 
adparation  conpldta  daa  dynaniquaa. 


1)  Sdnaratlon  daa  dvnaniouaa 

Daaa  la  donaina  lindaira,  la  probldna  aat  bian  nai triad  at  I'on 
taehniquaa,  allaat  daa  plua  aiaplaa  (carclaa  da  Garacbgorina  at 
aophiatiqudaa  (ealcul  daa  valaura  propraa  at  daa  vactaura  propraa) . 
tachniquaa  aat  faita  daaa  (Horaigna,  1984). 


diapoaa  d*un  grand  nonbra  de 
Ovalaa  da  Caaaini)  aux  plua 
Una  axcallanta  ravua  da  caa 


Par  contra,  dana  la  donaina  non-lindaira, 
conatituant  aouvant  un  probldna  an  aoi  : 


laa  aolutiona  propoadaa  aont  aouvant  conplaxaa  at 


i)  la  praaidra  ndtboda  conaiata  4  utiliaar  laa  tacbniquan  du  donaina  lindaira  an  llndariaant  laa 
dquationa  autour  d'nna  trajactoira  ontinala  noainala.  La  adthoda  a  dtd  utiliada  dana  (Noraigna,  1984). 
La  ddaareha  aat  conplaxa  at  fournit  aaulanant  daa  coabinaiaona  lindairaa  da  variablaa  d'dtat  du  ayatdna 
anviaagd. 

ii)  la  dauzidna  approeba  coaaiata  4  racharehar  daa  traaaforaationa  non-lindairaa  parnattant  da  adparar 
laa  variablaa  laataa  at  laa  variablaa  rapidaa.  La  principa  aat  adduiaant  aaia  on  aboutit  4  una  dquation 
aux  ddrivdaa  partiallaa  dent  la  aolutioa  aat  inaxtricabla  (Kallay,  1972),  4  I'axcaption  daa  caa 
partieulidraaaat  aiaplaa  dent  on  connait  ddJ4  la  aolutioa  a  priori  (brdaaa,  Rajan,  1985). 


ill)  una  troiaidaa  approeba  conaiata  4  dvaluar  aiaplaaant 
variablaa,  par  axaapla  aoua  la  terna  (brdaaa,  Rajan,  198$)  : 

*1  1 
—  ssMax  —  f.te.u) 

Ax,  ..^11  Ax  ' 


la  vltaaaa  da  variation  daa  divaraaa 


u€  U 
x6  D 


3.(.2  -  r«rfrb«tloi  ilamllte.  fore*. 

*oar  Mttr.  trldcBc.  ,  on.  Mlatioa  eoaalat.  i  .ftaetur  dn  cbtagMUt,  d*  Ttriabl.,  .t 
«■  ehufwmt  d.  I'dekdlld  d*  tdapi  d.  (a,.*  d  fair,  appaialtr.  e.a  petita  paraadtraa  aa  praalar  aaabr. 
da  (JO. 


Ii,  daaa  eartalaa  caa  aiaplaa,  eeaaa  I'iataieaptiea  daaa  la  plaa  botiiaatal,  il  aat  poaalbla 
d'appliqaar  eatta  ddaareba  (Tiaaar,  dbiaar,  IMd),  la  probldaa  aat  aa  gdadral  aea  trialal. 
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ru  •ilUttt*,  eou*  It  dyaulvt*  ut  utmtltlltWBt  us-lindtirt,  1*  tin  ra  iTidne*  d«  e* 
ptrudtr*  c  B'Mt  Ttltbl*  <u*  logtltMnt ■  e'Mt-d-dir«  pour  um  eatttlB*  cIbbbb  dt  tiBjtctelrBB  tt  11 
•at  d  prdBOir  <bb  la  elBsaiflcBtiOB  bbIh  TarlaPlaa  rtpldBB  at  laBtaa  ritdut  adM  da  chappat  tout  av 
leap  d’uBa  adsa  trajaetolra. 

PoBT  eatta  raiaoB,  11  paut  dtra  prdfdrthla  d'utlllaat  la  ddmateha  appalda  "pattarbatloB  alBPttlldra 
foreda*  (dhiaar.  Hararl.  IddO)  pal  eaaalata  d  latroduira  las  paraadtraa  e‘  da  lapoa  tout  d  (alt 
artHlelalla.  Cala  rarlaat  d  iapoaar  a  arlorl.  uaa  bldrdrahlaatlOB  data  la  dyBaalpua  da  coaporteBaat  du 
BTUtdM,  pal  a'aat  paut-dtta  paa  idallata,  aala  aat  laatltlda  a  poatarlorl  par  la  pualltd  daa  rdaaltats 
auaquala  catta  hypothdaa  coaduit. 

3.t.3  -  eoBdltloBB  tlaalaa  aar  laa  Tarlablaa  rapldaa 

ba  Biaa  aa  oaano  da  la  eoaaaada  optlaala  ‘eoapaalta*  laaaa  da  la  thdoria  daa  P.S.  aa  paraat  paa 
d'obtaalr  aaa  prdelaloa  aceaptabla  loraqua  laa  eoadltioaa  llaalaa  portaat  auaal  aat  laa  rarlablaa 
rapldaa.  la  a((at,  cooa  la  eoaeba  llaita  flaala  eoaaarpa  biaa  aara  la  aolutioa  aatdtlaura,  aala  ap 
taaaa  iataraa.  aoa  utlllaatloa  aa  "taapa  rdal",  e‘aat-d-dlra  aa  taapa  dlraet  coadairalt  d  aaa  arraar 
laaettaata. 

Pour  palllar  d  eat  iaeoBadalaat ,  11  eoaalaat  da  eitar  laa  troia  aolutioaa  aalraataa  : 

I)  la  praaidra  eoaalata  d  etaaapar  la  ddeoapoaltloa  daa  aarlablaa  aa  rolaiaapa  da  I'iaattat  fiaal  da 
(apoa  d  ftira  apparaltra  laa  eoBdltioaa  (laalaa  aar  laa  aariablaa  laataa  aaaleaaBt. 

II)  la  daaxldaa  adtboda  eoaalata  d  adoptar  aaa  ddaareha  eoBpldtaaaat  dlffdraata.  La  adthoda  daa  P.S. 
aart  d  ddtaralBaT  la  lol  da  eoaaaada  da  eoaeba  llaita  flaala.  L'tre  da  trajactoira  flaala  aat  aaauita 
iatdprda  aa  taapa  larataa  laaeu'd  la  aolatloa  axtdrlaura.  Catta  portioa  da  trajactoira  aat  aaraplttrda 
at  atiliada  eona  prof 11  da  paldapa  d  aalara  aa  taapa  dlraet.  Catta  dauzldaa  tacbalpua  a' applique  d 
toutaa  aortaa  da  coatralataa  aar  I'dtat  dual  du  type  (14)  (aolr  I'applieatioa  traitda  plua  loia  I  4.2). 

ill)  la  trolaldaa  adtboda  eoaalata  d  coaautar  aar  d'aatraa  lola  da  coBaaada  proaaaaat  d'autraa 
ddeoapoaltlooa  da  la  dyaaaiqua  abloa  aaa  taehalpua  da  Bultl-elataeaaat  (Poaaacd,  Praltaa,  IdtS). 


d  -  iPPLicdTtop  am  Laid  b«  CBiBaot  n  “Taps  »«r  “  aom  i.««  TddJicyoitM  B’dviop  d  tbips  mbiimp 

4.1  -  Poaa  da  arobldaa 

4.1.1  -  Baaotbdaaa 

L'aaioa  aat  aaalaild  d  aa  eorpa  poaetaal,  da  aaaaa  eoaataata,  dToluaat  daaa  aa  rapdra  iaartlal  aar 
aaa  tarra  Plata,  da  paaaataar  eoaataata. 

La  poaaada  da  I'arlaa  aat  auppoad  dlripda  la  loop  da  aactaur  altaaaa,  aa  ralaur  aaztaala  aat  uaa 
(oaetioa  da  I'altltuda  at  da  aoabra  da  Naeb  at  alia  aat  (ouraia  aoua  (oraa  da  table  d  daax  diaaaaloaa 

La  polalra  aat  aappoada  parabollpaa  : 

(43,  C.  =  C^  (M)+ 

od  laa  coafflelaata  a  aoat  daa  (oaetlooa  da  aoabra  da  Macb.  Oa  auppoaa  aa  oatra  qua  I'aeioa  drolue 
d  ddrapapa  aal  at  laa  traaaitoiraa  aar  la  BouTaaaot  d'attituda  aoat  adpllpdaa. 

Da  ea  fait,  laa  eoaaaadaa  da  I'arloa  aoat  la  taux  da  poaaada  Si,  la  faetaar  da  ebarpe  aoraal  n,  at 
I'aapla  da  pita  adrodyaaalpaa  u.  Daaa  la  aalta  da  I'dtuda,  oa  a'latdraaaa  aaaaotiallaaaot  aux 
trajaetoltaa  pour  laapaallaa  la  taax  da  poaaada  Sioptlaal  aat  eoaataaaaat  dpal  d  I'aaitd,  ea  pal  aat 
pdadralaaaat  la  caa  daa  aaBoauaraa  d'latareaptloa. 


4.1.2  -  daaatloBa  da  aoBTaaaat 

La  poaltloB  at  la  altaaaa  da  I'aTlea  aoat  earactdrladaa  par  I'altltuda  b  ,  laa  eoordoaadaa 
borlaoatala  x  at  y  da  la  poaitloa  ralatira  aatra  l'aaioa  at  uaa  elbla  (doat  la  poaltloa  at  la  altaaaa 
aoat  aappoadaa  eeaaaaa  par  alllaara)  la  aodala  da  la  alteaaa  y,  oa  aaeora  da  fapoa  dqaiaalaata  I'daarpla 
apdelflpaa  ddfiala  par  E  =  h*  vVfg  *•  Paata  y  at  aoa  axlaut  x  (aolr  Pip.  3). 

Daaa  la  aalta,  oa  atiliaa  laa  aarlablaa  rdduitaa  aaaa  diaaBaioa  ddflalaa  par  : 

r=  gt/,^  ,x  =g«/aj  ,y  =  py/a’  ,  (i  =  g)i/a’  ,  V  =  V/a,  .F„  =  P«/mp  ,E  =  gE/a* 

od  a,  aat  uaa  altaaaa  da  rdfdraaea  at  p  l°acedldratieB  da  paaaataar. 


Laa  dpaatloaa  rdduitaa  aaaa  diBaaalOB  da  aoaaaaaat  do  l'aaioa  aoat  doaadaa 
diffdraatial  aalaaat,  aa  oaattant  la  ayabola  (~n  pour  alapllflar  I'dcrltara  : 


(4ta) 


x  =  Vcoaycoax-Ve 


y  =  Vcea  y  ain  X 
h  =  V  lin  y 

B  =  V(l),P.-D,-Din.r) 
X  =  (niatnp)/(Vooay) 
y  *  (l(V)(nieoap'C<»y) 


avac 


pvVsc. 

n  *  ■■ 

*  2  mg 


ptr  1« 


2  k  mg 
pV’aJS 
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Buu  e*ttt  4qMtlM  v.  Ufifn*  la  witaaaa  4a  la  elbla,  aappoaBa  aaiaBa  4 'an  aovTaBaat  raetllitaa 
UBlforaa  4  altita4a  eeaataita  aalaa  I'aaa  4aa  a. 

ta  atlliaaat  la  Titaaaa  T,  aa  liau  4a  I'Baaraia  ap4eift«Ba  t,  oa  ebtlaat  la  a4aa  syattaa 
4'4quatiaaa.  aaia  o4  I'B^uatioa  aa  I  aat  raaplae4a  par  I'bqaatioa  aalraata  : 

(44b)  V  =  6.F„-D.-Din.a-.inv  . 

Paaa  la  aalta,  on  coaai44rara  aalqaaaaat  4aa  trajaetolraa  tallaa  qaa  la  paaat4a  aoit  toajoura 
aaataala,  e'aat-4-41ia  :  6,  =  1.  _ 

V 


La  probl4aa  eoaaiita  4  trouaar  4aa  lola  4a  eoaaan4a  n,  el  |i  da  (aqoa  4  rajolndra  an  aataabla  da 
coBditioaa  fiaalaa  apdcKidai,  4  partir  d'ua  4tat  laitial  coapldtaaaat  ddfial,  aa  aa  taapa  aialaaa. 

La  aatara  da  probldaa  ddpaad  daa  coadltloaB  fiaalaa  lapofdaa.  Daaa  la  aalta,  oa  a'latdraaaa  aaz 
trajaetolraa  aalraataa  : 

1)  Boatda  aa  taapa  alalaai  daaa  aa  plaa  aartleal  :  laa  eoadltloaa  fiaalaa  portaat  aalqaaaaat  aar  laa 
aarlablaa  E  ,  h  et  r : 

2)  latareaptloa  trldlBaatloBaalla  :  laa  eoadltloaa  fiaalaa  portaat  aaiqaaaaat  aar  la  poaltloa  ralatlaa 
4  la  elbla,  e'aat-4-dira  : 

(45)  X  (If)  =  0,  y  (If)  =  0,  h  (If)  =  he, 

o4  he  aat  I'altltada  da  rol  da  la  elbla. 

La  rdaolatloa  da  probldaa  d'optlalaatloa  dolt  praadra  aa  coapta  daa  llaltatloaa  phyalqaaa  aar  laa 
eonaadaa  at  aar  I'dtat  da  I'arloa 

(«*>  I  C.„i„  sc.se,™. 

1  )o.)  ^  o.  inii, 

I  q=  pV2/2sq„„ 

\  M  S  )«™. 


Da  aoddla  d'aTloa  da  eeabat  typlqaa  aat  atlllad  poar  laa  applleatloaa  aaadrlqaaa.  La  doaalaa  da  toI 
da  eat  aaloa  aat  prdaaatd  aar  la  flgara  4. 
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4.2  ~  llont4<  tip«  ainiatta  d>n«  ttn  plan  vrticil 
4.2.1  *  louatioM  ■inouli4fM«nt  DTtttrb4€g 

Com*  l4  position  n'intorsisot  pns  dans  Its  coaditiMS  finaios,  ot  on  so  lisitsnt  an  nousonent  dans 
Is  plan  TsrCieal,  l*dtat  ds  I’arion  psut  dtrs  rsnsad  d  trois  sarisMss  :  M,h,  st  ^  . 

Ii'dtaps  prdlininairs  consists  4  nsttrs  Iss  4dn«ti<ms  du  noussnsnt  sous  la  forns  singulidrsnsnt 
psrturbabls,  psrnsttant  ds  nsttrs  sn  dvidsncs  la  sdparation  sntrs  diffdrsntss  dehsllss  ds  tsnps  du 
spatdns.  La  ddnarehs  utilisds  iei  sst  la  ndthods  dss  psrturbatiMs  fingulidrss  lorcdss,  ddjd  nsntionnds 
prdeddssnsnt .  0ns  dtuds  prdlininairs,  sffsctuds  arse  un  noddls  lindarisd,  utilisant  uns  ndthods 
prdsstttds  prdeddssnsnt  (I3.S.1),  nontrs  gus  la  dynanioos  ds  l*avion  psut  dtrs  ddeonposds  sn  dsux 
dehsllss  ds  tsnps,  dans  I'ordrs  ds  rapiditd  croissants  suisants  :  dnsrgis  B,  altitude  h  at  psnts  y  • 

Lss  donations  sont  nisss  sous  la  foms  singulidrsnsnt  psrturbds  suivants  : 

E  =  V(li'„-Do-D,n.2) 
ch  =  V  sin  Y 
cy  =(IA^)(n,-co8Y) 


d  c  sst  un  "pstit"  parandtrs  introduit  artificlsllsnsnt  pour  sdparsr  I'dcbslls  ds  tsnps  sntrs  B  stlh.y) 


4.2.2  **  Annroninatlon  d*ordrs  0 
Solution  sntdrisurs 


Bappslons  ou'slls  sst  obtsnus  sn  faisant  c  =  0  dans  lss  donations  <47).  Bn  s'intdrsssant  uniousnsnt 
aus  trajsctoirss  ds  nontds  (Er^Eol  fOn  obtisnt  lss  rdsultats  suirants,  sn  ddsigaant  par  Is  synbols 
la  solution  obtsnus  : 


<4I) 


n,  s  1,  Y  =  0 

K  (E>  ^  Arg  Max  f V  -  Di)l 

h 


”  CT/ii* 


I^  =  0j^  =  2AjV*D, 


ti»M  «4ltttr(  4.  1i(E)  <tr«  e4leul4«B  pr44l4Bl4a4Bt  hor.  ligBB,  4t  BBrBglttriBf  sa  (oactisa  da 

E  soua  {erat  da  tabla.  Pour  la  aoddla  d'aaioa  utlllad,  la  prolll  da  Boatda  daaradtiqua  h(El  aat 
lllustrd  aur  la  flgura  (4),  aaae  ua  aoddla  d'ataoaphdra  ataadard. 

Oaa  dlacoatlaaltd  apparalt  aat  ca  protll  au  aoiaiaaga  da  la  aitataa  da  aoa,  c'aat  aaa 
earaetdrlatigaa  diaa  eoaaaa  da,  aaioBa  da  eoabat  aoa  parfonaacaa  dlaadaa.  Ilia  aat  eaaada  par  daa  aoa- 
lindaritds  dea  coefficients  adrodynamiques  dans  la  zone  transsonique.  Cette  discontinuitd  sera  dliminde 
ultdrieurement  (voir  plus  loin  i  4.2.4). 

Coacha  ll^te  sat  h  at  v 

Ob  traita  id  saalaaaat  la  cai  da  la  coaeba  llaita  iaitiala,  calai  da  la  eoaeba  llalta  fiaala  a'aa 
dddalt  da  facoa  slallaica  (aoic  I  3.1.3). 

da  la  coaeba  liaita  iaitiala  aoat  obtaaaa  aa  laisaat  la  dilatatioa  da  I'dcballa  da 
U  =  t/e),  pals  aa  faisaat  e  =  0: 


d?  1 

-=  ^(n.-coav) 

od  Is  synbols  (')  sst  rslatif  4  la  couebs  linits  initials. 

Pour  obtsnir  la  connands  n,  sn  bonds  fsrnds,  on  applious  la  tsebnious  ds  lindarisation  ddcrits 
prdcddsnnsfit  (13. 6 a 2),  Is  point  ds  lindarisation  dtant  ddflni  par  lss  ralsurs  ds  la  solution  sstdrisurs 
4  1* instant  initial  to  =  0. 

Lss  dldnsats  dss  natrlcss  i,B,Q,l,S  corrsspoadant  au  systdns  llndarisd  (40>  s'derirsnt  : 


Lss  donations 
tsnps  4  1* origins 

(49)  I 


(SO) 


2*.  V  D, 

0  i# 


4r.  D, 
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Coapt*  t«Btt  d*  It  font  ptrticulldrt  dt  ett 
lleetti  (42)  pout  4trt  obtttut  tatlytiqutMBt. 
ttt,  tD  ddfialtlTt,  doaodt  ptr  : 


(51) 


n  =  l  — 

s 


i  (B’'p  +  s’'» 


h-K 


Yo  =  (^  (ordre  0) 


attricM,  It  tolttiiot  tlgdbriqvt  P  dt  l*4qottion  dt 
L'txprtttiM  dt  It  co—tadt  dtnt  It  eotcht  liaitt 

»,  +v^,.(^)’=R(q,  +  2p,v^)  =  R(q,-^‘VE[;-2  V^\)  . 

* 


4.2.3  -  Catatadt  tt  ttaot  rdtl  k  l*ordrt  0 

Four  obttnir  uot  lol  dt  co—tndt  tt  tttpt  rdtl*  ftltblt  tout  It  lo&o  dt  It  trtjtctoirt  dt  tODtdt,  on 
procddt  dt  It  ftgot  ltdiqodt  tu  ptrtgrtpbt  prdeddttt  (f  3.5).  Lt  eoattadt  coaprttd  dtus  ptrtits  : 

1)  It  pmidrt  ptrtit  tat  vtltblt  tout  tu  lotg  dt  It  trtjtotoirt*  ttuf  tu  Toiaiutat  dt  I'luttDt  fittl ; 

2)  It  dtnxidM  ptrtit  ptntt  d'taaurtr  I'obttntion  dta  condltioua  fintlta  ddairdta  aur  Ita  Ttritblta 
rtpidta*  c'tat-4-dirt  I'tltituda  tt/ou  It  ptott. 

.  Co— tiidt  tn  coucht  lititt  luitltlt  tt  tu  aolution  tatdriturt 

In  tttlXlttnt  It  ttchnlqut  dt  rdtctutliattion  ddoritt  plus  btut  (S  3.5),  It  co—tndt  tat  donndt  ptr 
It  loi  dt  eoucbt  llaitt  Initltlt  (51) .  dtna  Itgutllt  il  eonvitnt  dt  rtnpltctr  It  ttltur  inititlt  E  at 
ptr  at  vtltur  courtntt  E.  II  tat  k  nottr  qua  It  niat  tn  — uvrt  dt  eattt  loi  (51)  tat  ralttivoktat 
ainplt. 

.  Co—tndt  dt  coucht  linitt  fintlt 


Four  ttnir  conptt  dta  eonditiona  fintlta  porttnt  aur  l*tltitttdt  tt/ou  aur  It  ptntt*  an  plua  dt 
I'dntrgit  fintlt*  It  aolution  tdoptdt  conprtnd  dtun  dttpta  : 

1)  It  prtaidrt  conaiatt  4  ctlcultr  It  trtjtctoirt  parnattant  dt  rtecordtr  Ita  eonditiona  fintlta  tttc 
It  aolution  "tztdriturt**.  Catta  trtjtctoirt  tat  obttnut  tn  intdgrtnt  Ita  dquttiona  conpldtta  du 
nott—nt  4  ptrtir  dta  eonditiona  fintlta*  tn  utiliatnt  It  co—tndt  dt  coucht  linitt  fintlt 
rdtctutliadt*  con t  pour  It  coucht  initltlt. 

Loraqut  I'dttt  final  tat  partitllanant  fixd*  It  vtltur  fintlt  dt  It  ttritblt  inconnut  (hfou  yr) 
tat  ddttrnindt  tn  tzploittnt  It  rtlttion  lindtirt  litnt  It  ftettur  adjoint  tu  vtettur  d'dtat  4  trtftra 
It  aolution  atni-ddfinit  ndattitt  II  dt  I'dquttion  dt  Ricetti  ; 


1  I  |8hf| 

(52) 

*f 

Lt  trtjtctoirt  tinai  obttnut  tat  tnauitt  tnragiatrdt  aoua  for—  dt  courbta  h,}(K),  y^jCE) 

2)  tn  ttnpa  dirtet*  It  conntndt  n,  tat  ddttrnindt  dt  ftcon  4  tfftctutr  unt  "bonna"  pourauitt  dt  It 
trtjtctoirt  prd-tnrtgiatrdt.  Dtna  Ita  txtnplta  nundriquta*  It  loi  rttanut  pour  tat  ctlculdt 
ainpl— ant  to  tgiaatnt  dirtetanant  aur  It  ptntt  tu  noytn  dt  It  fornult  : 


(53)  n,  KV(y<,-Y)  +  coty 

o4  Yd  tat  It  ptntt  ddairdt  4  cbtqut  inatant,  fournit  ptr  It  trttjactoirt  prd'tnrtgiatrdt*  K  tat  un  gain 
aetltirt  ehoiai  dt  ftgon  4  taaurtr  un  bon  auiti  dt  It  ptntt  ddairdt  atna  forctr  aur  It  ftettur  dt  chtrgt 
dt  1' avion. 

Lt  CO— utation  aur  catta  loi  ptut  dtrt  tfftctudt  4  ptrtir  du  nontnt  o4  It  aolution  "txtdriturt"  du 
profil  dt  nontdt  tat  attainta. 

4.2.4  '  Frobldnt  du  ntaatot  dt  It  xont  tranaaoniant 

Il  t  dtd  vu  prdcddt— ant  qu'unt  diacontinuitd  tpptrtlt  aur  I'tltituda  dtna  It  profil  dt  — ntdt 
dntrgdtiqut*  lora  du  ctlcul  dt  It  aolution  "txtdriturt". 

Analytiquanant*  eattt  diacontinuitd  ptut  a'txpliqutr  dt  la  ftgon  auivantt.  Lt  fonction  E(h,E) 
qu'on  ddairt  ntziniatr  (voir  (44)).  prdatntt  tu  voiaintgt  dt  M  •  1*  dtux  — xinuna  rtlttifa 
corrtapondtnt  4  dtux  tltitudta  diatinctaa.  In  aubaoniqut*  It  ntxinun  tbaolu  corrtapond  4  I'altitudt  It 
plua  btaat*  tlora  qu'tn  auptraoniqut,  il  corrtapond  4  I'altitudt  It  plua  htutt.  Lt  diacontinuitd  aur 
I'altitudt  tpptrtlt  tu  no— nt  o4  eta  dtux  ntxinuna  aont  dgtux  (voir  figure  5). 

Four  rtndditr  4  eat  inconvdnitnt  unt  dd— rcht  t  dtd  propoadt  :  tilt  conaiatt  4  ddttmintr  unt 
trtjtctoirt  ptr— ttant  dt  rtlitr  Ita  dtux  polnta  d'dquilibrt  dtna  un  taptet  4  4  di— naiona  (h.y.Ah.  iy)  • 
Catta  dd— rebt  tat  dt  niat  tn  — uvrt  conpltxt  car  tilt  ndetaaitt  unt  rdaolution  nundriqut  ptr 
progrtn— tioB  non-lindtirt  (Wtaton,  Cliff,  Ktllty*  1941). 
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Fig.  5  •  Mustraton  de  la  discontinuita 
sur  le  profil  da  montee  enargatique  h  (£). 

La  aolution  propo«4«  iei  proeMa  par  lin4ariiatloa  4aa  44ttatio&a  da  la  eoucha  liaita  an  h  at  an  y 
coaaa  pour  una  coucLa  llaita  ordinalra.  La  traiaetoica  da  tranaltion  aat  obtanua  an  intdprant  laa 
dqnationa  eoapldtaa  du  aottaaMat  aaae  la  eouanda  lladariada  (51).  La  point  de  lindarieation  aat 
figd  k  la  valaur  d*44uilibra  atabla  hlB.*)  pour  E<Ec«  11  dvolua  anauita  avac  I'dnarpia  S  dda  ^a 
calla-ei  ddpaaaa  E.  .  Laa  conditlona  initialaa,  paraattant  da  ddtar^nar  I'inatant  od  la  tranaition 
intarviant,  oat  4t4  obtanuaa  par  balayaga  daa  aalaura  initialaa  (Eo.h(Eo))  la  long  du 
profil  da  aontda,  dana  la  lona  aubaonlgua,  la  panta  inltlala  Vo  4tant  ajuatda  da  fagon  k  obtanir  un 
"bon"  raecordaaant  avae  la  profil  da  aontda.  On  profil  contlau  h‘(B)  aat  alnai  obtanu  pour  I'altltuda 
(▼olr  figure  4) . 


4.2.5  '  Aadlioratlon  da  la  coaaanda  d'ordra  0 

On  aarra  dana  lea  axaaplaa  nuadriquaa  qua  I'approsiaatlMk  k  l*ordra  0  aat  p4nalia4a  par  un  retard 
non  ndgligaabla  pour  ^  vre  le  profil  da  aont4a  an  dnargia  h*(E)  .  Ca  retard  provlent  du  fait  qua 
I'altltuda  ebanga  da  la  aolution  "antdrlaura",  ea  qul  corraapMd  4  una  panta  v  non  nulla,  alora  qua  la 
panta  y  donnda  k  I'ordra  0  aat  nulla. 

Pour  andllorar  eatte  lol,  un  ddualoppanent  aaynptotlqua  k  I'ordra  1  eat  effectud  pour  la  aolution 
axtdriaure. 

L'tttillaatlon  eonpldta  du  ddaeloppanant  4  I'ordra  1  aat  eonplaxa  car  alia  ndeeaaite  la  ddternination 
da  conatantaa  arbitrairaa  qul  na  pourralt  dtra  obtanua  qu'4  traaara  daa  calcul  conplaxaa  (Ardana,  1974  ; 
Horalgna.  1994). 

Pour  tanlr  coapte  da  I'apport  da  I'erdra  1,  la  ddaarcha  propoada  ici  aat  d'utiliaar  toujoura  la 
eoManda  da  eoucha  Unite  inltlala  4  I'ordra  0  donnde  par  (51),  akia  la  ualaur  noninale  ralativa  4  la 
panta  y  so  aat  ranplicda  par  aon  approxinatlon  4  I'ordra  1  s  . 

'  V  dt 

C«  t.ra*  p«ut  taeer*  f'derirt,  n  lti,ut  tpptrtltt,  la  variation  da  b  an  tonction  da  I'dnatgia 


(54) 


I  dh'  i  dh' 

’‘“T'dB'  “dE'*'^"> 


Ca  daraiar  taraa  pant  dtra  ealcold  aiadsant  d  partir  du  profil  da  aontda  donnda  par  la  tigura  d. 


4.1  -  Intareantlon  tridinanaionnalla 

d.3.1  -  tonationa  aipaulidraiwBt  partnrbdaa 

Coaaa  aantioDad  an  prdcddant  paragrapha,  la  praaidra  dtapa  conaiata  d  aattra  an  dvidanca  daa 
deballaa  da  taapa  diffdrantaa. 

Pour  daa  trajaetoiraa  d'intareaptioB  daaa  I'aapaca  tridiMnaiosnal,  diaaraaa  ddcoapoaitiona  ont  dtd 
rataauaa,  paraattant  da  ddduita  daa  loia  da  coaaaadaa  aoua-optiaalaa  da  aiaa  an  oauara  aiapla. 

II  n'aaiata  aaena  aoyan  tkdarigna  paraattant  da  ddaeatrar  la  validltd  on  non  d'nna  ddeoapoaition  par 
rapport  d  ana  antra.  La  aanla  aaaidra  da  adrifiar  la  aaliditd  at  par  anita  I'intdrdt  d'nna  lot  da 
e  MB  an  da  an  taapa  rdal  par  rapport  d  naa  antra,  aat  la  eoaparaiaos  aaac  la  aolntion  optiMla,  an  bonela 
onaarta.  fonraia  pat  daa  algoritbsaa  anadrlqnaa  d'optiniaation. 

Sana  la  anita,  on  ratiandra  la  ddeoapoaition  aniaaata,  an  partant  da  la  dynaaigna  la  plna  lanta  vara 
la  plna  rapida  :  (x,y):B;x:(l>,v)  ■ 

D'antraa  ddcoapoaitiona  dtd  dgalaaaat  anaiaagdoa  par  diaara  antonra.  La  laetanr  iatdraaad  ponrra 
eoaanltar  par  aaaapla  (lahra,  IITP  ;  Caliaa,  Boarder, IPU  ;  lalaa,  drdaaa,lMS  ;  Ibinar,  Ball,  Jaraark, 
IMd) . 
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DaM  1*  aulta  la  rAaolutioa  aat  44crita  pour  la  d4co«poaitioa  utiliaant  l*4&araia  apdcifiqua  t  coma 
Tariabla  d'dtat.  La  solution  ralatlva  4  da  la  aitassa  coua  aariabla  d'dtat  ast  aantionnda  plus  loin 
(14.3.5). 


Las  dquations  (44a}  sont  aisas  sous  la  foraa  slnqulidra  parturbda  suiaanta,  an  introduisant  las 
au  praaiar  aaabra  da  faqon  artificialla  pour  adparar  las  dynaaiquas  antra  las  diffdrantas  aariablas  : 


(56) 


X  =  Vcosycosx-Ve 
y  =  V  cos  y  sin  X 
cE  =  V(P„.Do'D,n,2) 
e^x  =  (n,  sin  p)/(V  cosy) 
eSh  =  V  sin  y 

cSy  =  (W)  (nscosti-eosy) 


souseatta  foraa.  on  a  ainsi  fored  la  sdparation  da  la  dynaaiqua  an  quatra  dchallas  da  taaps,  eonforndaant 
4  la  ddcoaposition  ratanua,  c*ast''4*‘dira  dans  la  sans  da  rapiditd  eroissanta  suirant  :  position 
horizontals  (z,y),  dnargia  8,  aziaut  x  *  altitude  at  pants  h.y. 


4.3.2  “  Rdaolution  da  la  solution  4  l*ordra  0 


4  partir  da  eatta  foraulation  (55),  1* application  da  la  thdoria  da  la  eoaaanda  optlaala  das  systdaas 
singulidraaant  partttr)>ds,  conduit  4  rdsoudra  la  prohldaa  coaplat  an  quatra  dtapas  succassiaas,  an 
partant  da  la  solution  aztdriaura,  ralativa  4  la  variahla  lanta,  vers  la  coueha  linita  la  plus  rapids. 

La  solution  obtanua  pour  chacuna  da  eas  dtapas  ast  rdsuada  dans  la  suits  (pour  obtanir  plus  da 
ddtails,  voir  (Do  khac,  Huynh, 1948). 

.  Solution  aztdriaura  (on  rdduita) 

La  trajactoira  ast  ddfinia  par  un  point  dans  la  donaine  da  vol  (h^V)  da  1* avion.  Bile  correspond  4 
un  vol  horizontal,  ractiligne,  4  la  vltassa  aaxinala  de  l*avion  Vo-Vm«x.  I'altitude  correspondante 
aat  notda  ho  (voir  figura  5). 


Fig.  6  -  Profit  do  mont4e  on  dnergie  bf  (£)  et 
en  Vitesse  hv  (V)  pour  noterceptlon. 


Cast  una  trajactoira  da  collision  dans  un  vertical  ddfini  par  un  aziaut  noainal  salon  la  figure  7. 


Fig.  7  ’  Solution  extSrieure  (prolectiort  horizontafe). 
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•  Pr«»i4r«  couch*  li»if  Inltiil*  (to«ral«) 

C*tt*  "couch*  Halt*"  p*ra*t,  t  partic  4*  I'inargi*  iaitial*  d*  I'auloa,  d'*tt*lndr*  I'tetrgl* 
eoccMpondaot*  4  1*  (olutloa  •xtdrlaur*,  ddflal*  par  F  =h^+ v’/  2. 

ba  trajactolc*  •'•ffectu*  dans  uo  plaa  Twtieal .  saloa  ua  prof 11,  ddilgad  daaa  la  auit*  par  "aoatda 
daargdtidu*  (ao  iatarcaptloa)”.  C*  prof 11  aat  ddflal  daaa  1*  plaa  (h,V),  ou  da  fagoa  dqulralaat*  (h,l), 
par  : 


<5«) 


5  E)=  A.*  Max 
®  h 


V(P|^-  D^-  Dj) 

~  V  ^couruit 


(avecE  £Eo) 


II  6st  4  notar  qu«  ca  profil  aat  Idantiqua  tu  profil  da  "aoDtda  dnarpdtiqua"  an  intarcaption  dans  ud 
plan  vartical  (Huynh,  Moraigna,  1985).  La  figura  €  prdaanta,  non  pat  la  profil  original  donnd  par  (56), 
■ait  un  profil  littd,  ddduit  da  ea  darniar  par  un  littaga  polynoaial  clattiqua.  Ca  littaga  paraat  da 
tttpprimar  la  ditcontlnuitd  gui  ta  trouvalt  dant  la  aona  tranttonigua  avac  la  profil  d'origina. 

Damtidaa  coucha  liaita  initiala  (atimut  xl 


Catta  coucha  liaita  paraat  da  raccordar  I'aaiaut  initial  da  1* avion  4  I'axiaut  du  plan  noainal, 
ddfini  par  Yia  (flgura  7),  dant  lagual  t'affactua  1* intarcaption. 

La  trajactoira  att  ici  un  viraga  horiaontal  an  tuivantjin  certain  profil  d' altitude  h»(E,x)  gui 
aat,  an  principa,  dlffdrant  du  profil  da  "aontda  dnargdtigua"  he(E). 

Ca  profil  ddpand  da  I'dnacgia  E  at  da  l*4c4rt  =  antra  I’axiaut  r4al  da 

I'avion  at  I'axiaut  nMinal  da  la  aolution  axtdriaura,  il  att  ddfini  par  la  rdtolution  da  (5?)  : 


(57) 


h,(E.x)= 


H,(h.xl  = 


V  -V  008  (x  -  X-* 


.  V  ooax  "•  “  'I 


-  - 


V  (T  -  V,  coax  -  D  -  D.)  Fe 


On  paut  adrltlar  gu*  e*  profil  da  "rlraga"  tand  aara  1*  profil  da  "nontd*  dnacgdllgua"  prdcddant  helE) 
(donnd*  par  (SO)  guand  I'atlnut  x  tand  vara  I'arlnut  noainal  Xo  : 

limR,(E,  x)  =  hetE)  . 

x-»To 


baa  coaaandaa  optlaalas,  notdaa  par  et  pour  catta  coucha  Halt*  aont  donndaa  par  : 

(5*)  1  tgp  =8igne(x-T)' 


H  (b.xl 


_  _  1 

‘x 

ba  guantltd  aoua  1*  radical  aat  donnd*  par  (SI). 


•  Trolalda*  coucha  Halt*  Initial*  (altltuda  h  at  nanta  v  ) 

Catta  couch*  Halt*  paraat  da  rajolndr*.  4  partlr  da  I'altltud*  at  la  pant*  Initial*  (lv„vo) 
I'altltud*  at  1*  pant*  ralatlv*  4  1*  aolution  "axtdrlaura",  c'*at-4-dlr*  1*  profil  iiv(E„,x„)  da  1* 
conch*  Halt*  prdcddant*. 

Pour  ohtanlr  ua*  coaaand*  an  houel*  farad*,  laa  dguatlon*  da  1*  coucha  Halt*  aont  llndarlada*  aalon 
1*  taehnlgu*  Indlgud*  prdcddaaaant  (I  3.S.2). 


ba  coaaand*,  pour  catta  couch*  Halt*,  aat  da  la  fora*  aalvaata  : 


(S9) 


k,  k, 
k.  k. 


,K-h 


o4  (ki.kj.kj.ka)  nottt  laa  gain*  da  ratour  d'dtat, 
lleeatl  (42),  da  dlaanalen  daux  dan*  1*  ca*  prdaant. 

.  Coachat  Halt*!  flaalaa 


ohtanu*  par  rdaolutlon  da  1 'dguatlon  aatrleiall*  da 


Poar  1' Iatarcaptloa  trldlaaaaloBaalla,  laa  condition*  flaalaa,  pertaat  anr  laa  varlahla*  rapid**, 
font  Intarvanlr  nalgaaaant  I'altltud*  at  par  aulta,  pour  rdaoudr*  eoapldtaaant  la  prohldaa,  11  raat*  4 
ncapldtar  la*  aolutlona  prdeddaat**  par  1*  ealeul  da  1*  couch*  Halt*  final*  aur  I'altltud*  at  la  pant*. 
Pour  eala,  la  ddaarch*  aat  analog**  4  call*  da  la  couch*  Halt*  initial*,  (voir  plua  haut) . 
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•  Loi  —  boueU  t%n^  lLl*or4rc^ 

Qm  loi  10  rn—nlo  oo  feeoelo  toxolo,  ooloblo  ooifontont  lo  leog  lo  lo  trojoetolro,  oot  obtoau  oi 
procMut  lo  U  otao  f(«eo  «iM  poor  la  trajoetoira  la  oootla  aa  taopa  oiatBUB. 

nia  eeapraal  laax  partlaa  : 

1)  la  praailra  partia,  aalaPla  toat  la  loop  la  la  trajactoira,  aaaf  aa  aoiaiaapa  la  I'iaatast  flail, 
oat  loaala  par  la  eoaaaala  la  coaeka  liaita  laltlala  (SP),  aa  atiliiaat  la  altholi  la  rlaetaillaatloa 
aaatioaala  prlcHaaBaat  (I  l.S). 

2)  la  laazilaa  partia,  ralabla  aa  aoiaiaipa  la  I'iaataat  tiaal,  paat  Itra  obtaaaa  pat  la  taehalqaa  la 
aairi  la  trajaetoira  aoaiaala  eaaaa  poor  la  aoatla  (I  1.2.1.).  la  fait,  oa  alopta  iei  ana  loi  la 
eoamla  la  aatara  lifflranta  (aeir  ci-aprla  I  4.1.1). 

4.1.1  -  ))allioratioBt  la  I'toaroaiaatioa  I’orlra  0 

Poar  aalliorat  laa  parfocaaaeaa  la  eatta  loi  la  roaaaala  aa  booela  tanli,  foaraia  par 
I'approziaatioa  I'orlra  0,  laa  aolifieatiaaa  oat  4t4  apportlaa  1  eatta  atraetara  aar  laa  troia  poiat 
laiTaata  : 

-  loi  la  eoaaaala  tiaala, 

-  priao  aa  eowta  laa  trajactoiraa  la  eoarta  portlo, 

-  aallloratloa  la  la  paata  aoaiaala  I'orlra  0. 

.  eoaaaala  fiaala 

lo  liau  I'atiliaar  la  eoaaaala  loaala  par  la  aolatioa  la  eoaeha  liaita  aa  altitala  at  aa  paata  aaloa 
la  tliloria  laa  P.l.  llerita  plua  haat,  oa  applipua  pour  la  phaaa  fiaala  I'iatareaptioa  la  eoaaaala 
paraattaat  la  rlaliaar  naa  trajaetoira  la  eolliaioa  triliaaaaioaaalla.  La  aloaltria  I'aaa  talla 
trajaetoira  aat  lali«u4a  aur  la  figura  (f).  L'laataat  la  eoaaatatioa  aar  eatta  loi  la  eoaaaala  aat 
obtaau  par  iatliratioB  aa  prlalabla  lu  Ipuatioaa  la  aoaaaaoBt  aa  taapa  iaaaraa  at  par  la  raeeorlaaaat 
la  I'laargia  aur  la  profil  la  aoatla  hg  la  la  aolatioa  axtlriaura. 


L'aaploi  la  eatta  eoaaaala  la  trajaetoira  la  eolliaioa  prlaaata  I'araataga,  par  rapport  4  la 
aolutioB  fonraia  par  laa  r.i.i  I'aaa  aaillaura  rlaliaatioa  la  eoalitioas  tiaalaa  I'iBtareaptiea  (roir 
rlanltata  aualriguaa  plua  loia  I  4.4). 


Prtaa  aa  eoapta  laa  trajaetoiraa  I'iptarcaptioa  la  eoarta  portlo 


Pour  pouToir  ealeulat  I'are  la  trajaetoira  fiaala  par  la  althola  rataoua  lei,  il  coBTlaot  la  llfiair 
eooplltaaaBt  I'ltat  fiaal,  e'aat-4-lira  laa  aalaura  fiaalaa  laa  rariablaa  a,r,B,x.)>at  r  Laa 

eoBlitioBa  fiaalaa  aur  x,y  at  b  aout  foutaiaa  par  laa  eoalitioBa  1' iatarcaptioB  (44). 

IB  prlaeipa,  laa  ralaura  fiaalaa  lax_  aatraa  rariablaa  I,  X  at  y  aoat  foorBiaa  par  la  aolatioa 
aatlriaura,  e'aat-4-llra  E„Ynatvg  =  0  (roir  I  4.3.2).  Or  eaa  ralaura  eorraapoalaat  aax 

trajaetoiraa  I'iatareaptioa  la  portla  aaffliaaBaat  loagua  pour  qua  I'arloa  ait  la  taapa  I'attalalra  la 
aolatioa  axtlriaura,  e'aat-4-lira  la  ritaaaa  aaxiaala  la  erolailra. 

Pour  praalra  aa  eoapta  laa  trajaetoiraa  la  lurla  Baraaao,  laa  eoaHtioaP  fiaalaa  Bf.xr.  atyr 
aoat  ealeullaa,  la  fagoa  bora  ligaa,  aa  auppeaaat  qua  I'laargia  I  aat  uaa  rarlabla  laata,  1  la  ataa 
leballa  la  taapa  qua  laa  eoorloaalaa  horiioatalaa  x,  y,  at  aa  ebarebaat  1  rlaoulra  la  aolatioa 
axtlriaura  la  ea  aouratu  probllaa  I'optiaiaatioa  aiagulilraaaat  parturbl.  Oa  paut  alora  llaoBtrar  qua 
eatta  aolitloa  aat  aaeora  uaa  trajaetoira  la  eolliaioa  horixoatalo,  I'altitulo  Itaat  loaala,  1  ehaqaa 
iaataat,  par  la  profil  la  Boatla  laargltlqua  lii(B)  loaala  par  (SI),  (roir  I  4.3.2). 
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L«t  eoaditioB*  f inalt*  £f  «t  xf  ioat  alort  fourniaa  par  1m  ralatioM  aaifutaa  : 
WOa)  f  ,t,  Voax-V^ 


«,-*.= -*.=  1/ 


*.  V[P_-D  -  D,t^ 
if  Viinx-V^ 


Vdnu-V, 

(  >r-».=  -y.=  |,  VIP  -D  -  D.U  = 

0  n  0  I H. 


La  paata  llaala  yr  aat  fourala  par  la  coaditioa  fiaala  d'iatarcaptioa  da  typa  eolliaioa  : 


(60b) 


.  ladlioratioa  da  la  aanta  nMlaala  d’ordra  0 

Daa  aadlioratloB  da  la  paata  aoaiaala  latarvaaaat  daaa  la  eoaaaada  (SO),  aat  obtaaua  aa 

opdraat  eoaaa  pour  laa  trajaetoiraa  da  aoatda  daaa  la  plaa  vortical,  aa  aodifiaat  la  valour  aoaiaala 
utiliada.  la  affat,  I'approaiaatioa  d*ordra  0  fourait  1%-^  p  alora  qua  la  profil  da  "aoatda 
daargitiqua"  1vb(E)  doaada  aur  la  tigura  (d),  adeaaaita  uaa  paata  aoa  aulla. 

Daaa  la  auita,  il  eoavlaat  da  raaplacar  cotta  paata  aulla  par  aoa  approsiaatioa  4  I'ordra  1,  doaada 
P«  :  _  ,  dRg 

V'  dt 

qua  I'oa  pant  aaeora  derira  aoua  la  fona  auivaata  : 


(61) 


Vi 


V 


D-D.)  . 

o  1 


Cotta  darnidra  quaotitd  paut  dtra  ealculda  aiadaant  4  partir  du  profil  da  "aoDtda  daargdtiqua"  helE). 


4«3.4  tdauad  da  la  coaaaada  aa  taaaa  rdal 

traa  loi  da  eoaaanda  aoua^optiaala,  uaiforadMot  valabla  daaa  ua  largo  doaaiaa  da  vol  pour  daa 
traiaetoiraa  d*intarcaption  tridiBaaaioaaalla,  aat  aiaai  obtaaua  an  aa  baaaat  aur  la  tbdoria  daa 
avae  qualquaa  aadnagaaaata  daaa  la  but  d'aadliorar  la  rdaliaatioa  daa  coaditioaa  fiaalaa  at  la  doMiaa 
d'utiliaatioa. 

La  caleul  da  cotta  loi  da  couanda  an  boucla  farada  adeaaaita  laa  dtapaa  auivaataa  da  calcula  : 

1)  Profil  d'altituda  Tie  da  la  solution  axtdriaura  (Iq.  (56)). 

2)  Valours  fiaalaa  da  Ef.Xf. Yf  (Iq.  (60)). 

3)  Profil  d'altituda  ralativa  4  la  praaldra  coueba  limita  initiala  (Bq.  57). 

4)  Valours  "noainalaa"  daa  coBMadaa  ,donndaa  par  (Bq.  (51)). 

5)  Couanda  an  boucla  farada  donnda  par  (Iq.  (59) »  (61)). 

6)  La  conutation  da  la  couanda  prdeddanta  vara  la  c^vanda  fiaala  paut  dtra  affactuda  ttit  aiaplaaont 
an  raaplagaat  laa  valaura  noainalaa  Intarvanant  dans  (Bq.  (56)  (59))  par  daa  valaura  v  x  provaoant 
da  la  trajactoiraa  da  collision  tridiunaioanalla  illuatrda  par  la  figura  (6). 

4.3.5  -  Solution  avac  l*utillaation  da  vitaaaa 

Bn  utiliaant  coua  variabla  d*dtat  It  vitaaaa  V,  au  liau  da  I'daargia  apdeifiqua  B,  at  an  adoptant 
la  adaa  ddcoapoaition  dvnaaiqua  pour  ca  vactaur  d'dtat.  on  paut  ddduira  da  facon  analogue  una  loi  da 
couanda  an  boucla  farada. 

Cotta  Bouvalla  couanda  aa  prdaanta  da  la  adaa  foru  qua  calls  provaaant  da  la  "volution  avac  B" 
(e'aat-4*'dira  utiliaant  B  coua  variabla  d*dtat),  la  diffdranca  aa  aitua  uniquaaant  au  nivaau  das 
profila  d'altituda  liv(V)  et  Kxy(V)  ralatifa  aux  couebas  liaitaa  aa  V  at  an  x  - 


La  profil  d'altituda  hv(V)  aat  dgalaaant  raprdaantd  aur  la  figura  6,  aprda  liaaaga  coaaa  pour 
on  nota  una  Idgdra  diffdranca  par  rapport  au  profil  hc(E)  ralatif  4  la  "solution  avac  B".  Pour 
obtanir  davantaga  da  ddtaila,  la  lactaur  pourra  conaultar  (Do  kbae,  Buyab,  1986). 


4.3.6  -  Caa  aarticuliara  da  l_'iatarcaDtioa  daaa  la  pIm  vartlcal  at  daaa  la  olafl  borlioatal 

II  coaviaat  da  aotar  qua  laa  couaadaa  aa  boucla  farada  ddvaloppdaa  pour  I'iatarcaptioa 
tvidiuaaioualla  aoat  dgalaunt  valablas  pour  daa  trajactoiraa  d*iBtarcaption  soit  daaa  ua  plan 
vortical,  aoit  aaeora  daaa  ua  plu  boritoatal. 

Dau  caa  eas  particuliara,  on  paut  aotar  las  aiaplifieatioaa  auivaataa  par  rapport  4  la  solution 
coapldta  (laa  raaarquaa  concarnaat  naiquauat  la  "ddeupoaitioa  aa  Vt  callas  ralativas  4  la 
"ddcaapoaitioa  aa  T”  aoat  aaaloguu)  : 
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1) 


tta  Dim  TOttleU 


It  dwuitM  eoneht  lialtt  n  x  a'uittt  pta  tt  It  pto<il  h,  ttt  tlort  idtntidiM  ta  proiil  da 
•ottdt  paltqtt'll  t'y  t  ptt  da  airtga  4  aflaetuar  ; 

It  eontnda  (59)  tat  aiapllfida,  il  na  raata  pita  <tta  la  tana  en  n,  paiadua  la  eoauada  at  roalia  |i 
att  aloit  IdantlduaaaBt  nulla  ; 


2)  Intareantlon  data  un  plan  hotiiontal 

canaa  I'altituda  att  lixda,  la  ptaaidra  concha  linita  an  dnargia  i^'asiata  paa,  at  la  tolutioa  da  la 
concha  linita  an  x  nnt  dgalanant  ainplitida,  puiaqua  I'altitnda  h,  aat  alora  eonatanta  ; 

la  coananda  (59)  aat  dgaltaant  ainplifida.  il  na  raata  pint  ana  I’nn  daa  daax  taraaa  an  n,  on  an  |i 
,  pniaqua  I'on  a  la  ralation  aniaanta  antra  eaa  danx  eoaaandaa  n,  =  l/coi|i 


4.4  -  hdanltata  da  aiaulation  nnadriana 

hrant  d'dralnar  lat  partoraancaa  fourniaa  par  laa  loia  da  eoaaanda  an  taapa  rdal,  ana  aalidation  da 
I'approeha  da  lindariaation  da  la  concha  linita  a  dtd  affactnda  an  prdalthla  an  la  cot^arant  arac  nna 
loi  non-lindaira.  par  ratonr  d'dtat,  obtanna  an  adparant  laa  aarlahlaa  h  at y  . 

haa  partoraancaa  daa  loia  da  coananda  an  "honcla  farada'  da  aiaa  an  oanna  aiapla,  aont  ananita 
coapardaa  arac  daa  loia  da  eoaaanda  fourniaa  par  na  coda  nuadrigna  d'optiniaation  fonetionnalla 
tttiliaant  un  algorithna  da  gradiant  projatd  appligud  an  prohldaa  original,  non  tingulidranant  partnrhd. 
Il  aat  d  notar  gua  laa  aolntiona  optinalaa  tinai  ohtannaa  aont  aaulaaant  da  typo  "bonela  onrarta'.donc 
nattanant  aoina  intdrataantoa  gua  lot  aolntiona  an  “bonela  farada*. 

Pour  acedldrar  la  eonrtrganea  da  I'algorithna  nuadrigna,  non  initialiaatioa  aat  fonrnia  par  la 
trajaetoira  donnda  par  la  coananda  an  "boucla  farada"  ddriada  da  la  thdoria  daa  parturbationa 
aingnlidraa. 

I>aa  aianlationa  nuadriguta  ont  dtd  affactudaa  aur  nn  ordiaataar  mat  170-750  da  I'ognd. 


4.4.1  -  Validation  da  la  coananda  lindarlada 

Pour  vdrifiar  la  gualitd  da  eonrarganca  vara  la  aolution  "axtdriaura* ,  lat  dgnttiona  non-lindairaa 
da  la  concha  linita  iaitiala  (49)  oat  dtd  intdgrdaa  avae  danx  loia  da  coananda,  1‘una  donnda  par  (51), 
I'antra  non-lindtira,  ohttnua  par  adparation  coapldta  daa  vatiahlaa  h  at y  (Ctliaa,  1952).  Plutiaura 
ealeula  ont  dtd  dftactuda  an  faitant  variar  d'una  part  la  point  d'dguilibra,  ddfiai  par  1 'dnargia  Eg,  at 
d'autra  part  laa  dcarta  initiaux  tut  I'altituda  at  aur  la  panta  par  rapport  aux  valaurt  d'dguilibra(l>(Eo),7o) 


Pour  tMi  nivaau  d' dnargia  trda  dlavd  (B>  22000  m),  laa  rdponaaa  daa  daux  loia  aont  dquivalantaa ,  la 
convargaaca  vara  I'dguilibra  aat  aatiafaiaanta  (pta  d'otelllatlon) .  Pour  daa  nivaaux  d'dnargia  plua 


faiblaa,  la  loi  lindaritda  (51)  fournit 
lindaira  induit  uaa  eonvarganca  vara 
Horaigna,  1915). 


toujoura  daa  rdaultata  aatiafaiaanta,  alora  gua  la  loi  non- 
I'dquilihra  avae  daa  oaeillatioaa  (voir  tigura  9) .  (luynh. 


fig-  9  -  Compmwiaon  antra  commanda  non-llniim  (NL) 
at  commands  Knitriaie  (UN). 


Attituda  h  (m) 


10(X)0 


6800 
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loi  Iin4irif4«  fouralt,  par  aillaura,  ua  eoaportmaat  MtiafalMnt  pour  d*  lupai  dcuti  initiavx 
•B  altitad*  (jusqu'd  dhi,  =>  8000 ml  at  an  panta  (juaqu'd  t  80*1. 

4.4.2  -  Tiaiactoiraa  4a  Bontda  4ana  la  plan  aartlcal 

.  CoaaaralaoB  antra  la  loi  d'ordra  o  If80)  at  la  lol  d'ordta  1  IPS!) 


On  ddnipna  par  lol  d'ordra  1  (?S1)  la  lolution  obtanna  an  ranplapant  dana  (51) ,  la  panta  noninalay  =  0 
par  non  approxination  4  I'erdra  1,  donnda  par  (54). 

La  tignra  10  prdaanta  la  eoaparaiaon  antra  can  dauz  loia  dana  la  eaa  od  aaula  I'dnargia  finala  ast 
lixda.  11  ant  4  notar  qua  la  lol  PSl  parnat  d'obtanir  un  gain  pouaant  attaindra  10  4  aur  la  tanpa  da  vol 
par  rapport  4  la  loi  d'ordra  0  PSO  (aoir  tablaau  1).  D'antra  part,  eatta  darnidra  lol  na  parnat  pan 
d'obtanir  an  raecordanant  aatlafalaant  aaae  la  eoueba  linlta  tlnala  car  alia  na  eonrarga  pat  rapldenant 
Tara  la  aolution  ’axtdrlanra"  (aolr  figura  10) . 


Fig.  W  -  ddontda  an  (amps  minimum  avac  (In  libras. 


Condltlona 

tinalaa 

ddalrdaa 

Br=  2S  000  ■ 
hf.Vf  libr«c 

Bf-  25  OOO  B 
hf  -  14  000  a 
vr  libra 

^  •  34  000  ■ 
hr  •  14  000  ■ 

Yf  •  0* 

Parandtraa  (*) 
finala 

tf<>) 

hf(in) 

vrO 

if(i) 

(if(m) 

yrO 

tf(8) 

hr(in) 

yrO 

Loi  d'ordra  0 
(PSO) 

ll6pl 

10  *10 

4.9 

Contralataa  finalaa 
non  aatiafaitaa 

Loi  d'ordra  1 
(Pfl) 

172p4 

11  520 

3.4 

140 

14  000 

U.9 

141 

14  000 

0,16 

Oradlant 

(aolatlon  axneta) 

171,7 

11  (00 

3,4 

17* 

14  00* 

•r9 

140 

14  000 

0.13 

Plgaraa  a* 

_ i? _ 

«•  _ 

(*)  b'datrgla  finala  ddnirda  ast  tonlenrs  rdallada,  car  alia  aart  la  condition 
d'arrdt  poor  I'lntdgratlon  dan  ddvatlona  da  noaTaMnt. 

Tablaan  1  :  Ccaparaisoa  da  dlffdrtntan  nolntlont  penr  aontda  an  taapi  nlnlnna 
Condltlona  Inltlslat  :  E.  >  MM  ■  (V.  «  200  m/t),  b,  <  1000  m,  y,  =  0*. 
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.  U  U  TifiM  t_prin_»n  comf  coatrUat—  timtl— 

Otf  tr«J«ctolrM  d«  aontd*  trtc  pM«cfl«  4«  M  *1  oat  4t4  •ff«eeu4«f  «v*e  1«  loi  d'ordr*  1  (Pll), 
iv«c  cofttraintM  tintlM  tur  I'altltud*  at/ou  aor  1«  pMta.  Laa  rdavltata  aoot  rdamda  aar  la  tablaau  1 
(voir  tisura  11) .  La  paaaaga  da  aoa  a  4t4  biaa  af(acto4«  la  adtlioda  propoa4a  pour  traltar  la 
diacoatiaaitd  a'aat  r4v414a  affieaea,  palaqua  laa  4earta  par  rapport  aoz  aolationa  axaetaa  aoat 
inf4rlaaraa  4  1  %  poar  I'iadiea  da  eo4t  at  laa  eoodltiOBa  llaalaa  aoat  biaa  r4alia4aa.  La  dteareha 
propo^  aat  aatiafaiaaata,  du  aolaa  pour  daa  paataa  fiaalaa  taiblaa. 


Fig.  1 1  •  Mont6e  en  temps  minimum  avec  (hf,  Ms 


b) 


4.4.3  -  Tralactolraa  d*iBtarcaDtioB  (Do  khac,  HuTnh.  1948) 

Laa  calcula  aaviaagda  corraspondant  4  uaa  latarcaptloa  4  bauta  altitude  o4  la  cible  dvolue  4  vitaaaa 
coaataata  dgtla  4Ve  =  200nV8  4  l*altitu4a  1200  a. 

Daux  loia  da  coaaaoda  oat  4t4  4valtt4aa  an  aiaalatiMi  nuadriqua  :  la  praaidra  provanant  da  la 
foraulatioa  utiliaant  I'dnargia  ap4cifiqua  I  cona  variabla  d'4tat  (I  4.3.2  4  4.3.4),  la  aacoada 
proraaaat  da  calla  utiliaant  la  ritaaaa  V  coaaa  rariabla  d'dtat  (I  4.1.S>.  Caa  daux  loia  aoat  diaipndaa 
raapactivaaaat  par  laa  ayabolaa  SPE  at  4PV. 

Divaraaa  eonditioaa  iaitialaa  d*lntarcaptioo  oat  4t4  aaviaagdaa  pour  1' avion  intarcaptaur,  avac  daa 
anglaa  da  ddpoiataga,  ddfiaia  par  la  diffdranca  d*aciaat  antra  I'avioa  at  la  cibla  (X'*Xc)  .  variant 
da  0  4  180  dagrda. 

La  tablaaa  (2)  prdaaata,  pour  ehaqua  caa  da  calcnl,  la  tanpa  final,  corraapondant  4  la  diatanca 
nininala  da  paaaaga  4  la  cibla,  la  diatanca  corraapondaata  dr,  ainai  qua  la  panta  finala  yr  da  la 
trajactoira. 

Dana  toua  laa  calcula  affaetuda,  laa  aolutioaa  foaraiaa  par  laa  loia  an  "boucla  farnda”  aont 
analoguea  aux  trajactoiraa  optiaalaa  fourniaa  par  la  coda  nuadriqua  d*optiniaation  da  gradient  projatd. 

Quand  I'avion  intarcaptaur  aat  initlalaaant  4  altitude  dlavda,  la  aanoauvra  conaiata  d'abord  4  virar 
tout  an  daacaadant,  ou  4  daacandra  dana  la  caa  d'uaa  aanoauvra  dana  la  plan  vertical,  daaa  laa  baaaaa 
couebaa  da  I'ataoapbdra  pour  aiaux  tirar  parti  d*an  bilan  plua  favorable  da  p«»uaada*trainda  pour  aiaux 
tournar  at  aiaux  acedldrar,  puia  4  raaontar  anauita  pour  iatareaptar  la  cibla  aa  fin  da  vol.  Daaa  toua 
laa  eaa,  la  trajaetoira  tend  vara  uaa  trajactoira  d'intarcaptlon  plana  (voir  figuraa  13,  14). 


Dana  la  eaa  a*  5  4  1* intarcaptaur  aat  initialanaat  aa  rdfina  aubaoaiqua,  laa  aolutioaa  aoua- 
optiMlaa  at  optiaalaa  aont  aaeora  analoguea.  Durant  la  pranidra  pbaaa,  I'avion  aftactua  on  viraga  4  90* 
4  altitude  da  2000  a,  il  nonta  anauita  4  panta  quaai*con8taata  tout  an  franehiaaant  la  nur  du  ton,  la 
panta  augnanta  anauita  plua  fortanaat  juaqu'4  I'iatareaption  finale  (voir  figure  IS  at  tablaau  2). 
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OB  aot*  «iw,  4us  to<w  ulevli  •BViMg6a,  lu  I«i(  •*  ‘bond*  tante*  paraattant  la  rlaliaar  laa 
eoalitloai  tiaalaa  I'latareaptioa  la  fafoa  tout  1  fait  aatiafalaaata,  la  llataaea  alaiaala  la  paaaaga  1 
la  eifcla  aat  eoaparabla  1  la  aolutloa  eptiaala  aualtiiaa  poar  aa  graal  aoabra  la  eaa  la  ealeal,  laaa 
toua  laa  eaa,  alia  aat  taflriaara  1  10  a. 

Laa  laax  aelatioaa  SPI  at  3PT  oat  foural  laa  rlaaltata  coaparablaa  aa  ea  qoi  eoaeataa  I'laliea  la 
partotaaaea,  c'aat-l-lira  la  larla  la  I'latareaptioa. 

La  prlciaioa,  aa  ea  qai  eoaearaa  eatta  larla  la  I'latareaptioa,  par  rapport  1  la  aolutloa  optlaala 
aa  bouela  ourarta,  raria  aatra  0,1  %  at  3,7  a  aaloa  laa  ealeula  aariaagla. 

(a  ootaat  qua  I'altltula  la  aol,  obtanua  par  I'algoritbaa  aualrlqua  I'optlalaatloa,  aat  toaioura 
laflriaura  1  ealla  fourala  par  laa  lola  aa  bouela  (arala,  uaa  aallloratloa  laa  parforaaaeaa  la  eaa 
larailraa  pourralt  Itra  obtaaua  aa  afflaaat  la  prof 11  I'altltala  la  la  aolutloa  axtlrlaura  HeCE)  ou  hyCVl 


Fig.  IS  -  Interception  irldimenslonnelle 
i  basse  altitude. 
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Tabloau  2  -  Coaparaiaoa  aatra  loll  la  eoaaaala  aoua-optlaalaa 
aa  bouela  farala  at  loi  optlaala  aa  bouela  ouuarta 
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s  -  coacLDsioi 

C«  chapitre  4  d'abord  rippald  !•  priacip*  d«  It  thdori*  dM  parturbatioBs  aiagulidras  (P.S.)  par  la 
rdaoltttlM  approchda  d*a&  ayattoa  ditfdrantial  "Bulti-dcballaa  da  taapa",  ais  aoua  la  doraa 
"siBOttlidraMBt  parturbda**,  c'aat'd-dira  faiaaat  apparaltra  ob  patit  paraadtra  da  parturbatioa. 

L'axtaaaioB  da  catta  thdorla  4  I'optiaiaatioa  daa  ayatteai  diffdraatiala  Boa-liadairaa,  4  dcballea 
da  taapa  BUltiplaa,  parsat  da  raaplacar  I'optiBlaatioB  du  aytdaa  iaitial  (da  diaaBsioa  a),  par  uaa  suita 
da  BOtta-probldMB  d'optiaiaatiMi  da  ayatdaaa  da  diaaaaioaa  pitta  rdduita.  &>yaoaaat  eartaiaas  hrpothdaaa 
coaearaaat  la  adparatioa  daa  dfaaaidaaa  at  daa  eoaditioaa  da  eoaaargaaea,  la  rdaolutioa  da  ebacoa  da  cat 
Booa-probldMa,  aa  priacipa  plua  alapla  qua  la  probldaa  coaplat,  parmat  d'obtaair  uaa  aolutioa  approcbda 
da  calui'Ci  par  eoapoaitioa  daa  aolutioaa  daa  diffdraata  aoaa'probldaaa. 

Ba  pratiqaa  catta  tbdoria  paraat  d'obtaalr  uaa  loi  da  coaaaada  aoua-optiaala  qui  prdaaata  daux 
avaataqaa  iaportaata  par  rapport  4  la  eonaada  optiaala  axacta  qui  aa  pourrait  4tra  obtaaaa  dans  la  eaa 
gdadral,  qaa  par  uaa  adtboda  auadriqua  itdratira  da  proqrauatioa  aoa-liadaira  : 

-  d'aaa  part,  alia  paat  4tra  azpriada  aa  bouela  farada,  e*ast*4-dira  aa  foactioa  da  I'dtat  iaatantaad  da 
•yatdaa,  alia  paraat  doae  da  aiaax  praadra  aa  coapta  das  partarbatioas  divarsas  ; 

-  d'aatra  part,  alia  ast  da  aiaa  aa  oauvra  auadriqua  baaueoap  plua  siapla,  at  par  suita  ast  suscaptible 
d’dtra  tttilisda  sur  ua  caleulataur  aabarqud  fooetioaaaat  aa  "taaps  rdal**. 

Daus  typas  da  diffieultds  oat  adaiiAoias  4td  raaeoatrds  daas  I'applieatioa  da  catta  tbdoria  das  P.S. 
4  I'optiaisatioa  das  trajactoiras  d'asioas  : 
i)  Pdtaraiaati^  das  dehallas  da  taaas 

Catta  dtapa  ast  adcassaira  4  I'appllcatioo,  at  au  succds,  da  catta  tbdoria.  Pour  das  spstdaas  aoa- 
liadairas.  aueuaa  adtboda  fiabla  a*ast  aaeora  dispoaibla,  au  stada  actual,  at  daas  la  pratiqua  on  a 
souaaat  raeours  4  uaa  ddaareba  aapiriqua,  basda  sur  l*axpdriaaca. 
ii>  Coaditiflos  fiaalaa  sur  das  uariablas  raaidas 

Catta  tbdoria  aa  paraat  pas  d'obtaair,  au  aoias  daas  ua  coatazta  d'utilisatioa  aa  “taaps  rdal",  uaa 
prdeisioa  satisfaita  pour  daa  eoaditioas  fiaalas  portaat  sur  las  variablat  "rapidas".  Piaarsas 
taebaiqnas  Mit  dtd  proposdas  pour  rdsoudra  ca  probldaa. 

La  adtboda  prdeddaata  a  dtd  aasuita  appliquda  aux  trajactoiras  aa  taaps  aiaiaua  pour  ua  avioa  da 
eoabat  :  aootda  ua  plaa  aartical  at  iatarcaptioa  tridiaaasioaaalla  d‘uaa  cibla  4  bauta  altituda. 

Oas  aadBagaMBts  oat  dtd  apportds  4  la  adtboda  da  basa  at  oat  parais  d'obtaair  das  lois  da  coaaaada 
"aa  bouela  farada”  valablas  pour  ua  larqa  doaaiaa  da  sol  da  I'auioa  at  paraattaat  da  satistaira  das 
eoaditioas  fiaalas  pousaat  portar  sur  das  sariablas  "rapidas". 

Cas  lois  aa  "bouela  farads"  oat  dtd  aasuita  coapardas  aux  lois  optiaalas  da  typa  "bouela  ouvarta". 
fouraias  par  ua  coda  auadriqua  d'optiaisatioa  da  trajactoiras  utilisaat  ua  alporithaa  da  pradiant 
projatd. 

Las  lois  "bouela  farads"  fouraissaat  das  daolutioas,  aa  ca  qui  coaearaa  la  aatura  das  trajactoiras, 
coaparablas  aux  solutioas  optiaalas.  Las  eoaditioas  fiaalas  soat  gdadralaaaat  biaa  satisfaitas  at  sont 
da  adaa  ordra  da  graadaur  qua  las  solutioas  obtaauas  aaae  la  eoda  auadriqua  d*optiaisatloa. 

Oaa  prdeisioa  aaillaura  qua  1  %  a  dtd  obtaaua,  pour  das  trajactoiras  da  aoatda  daas  la  plaa 
vartieal,  pour  l*iBdica  da  parforaaaca  (la  durda  du  vol). 

La  prdeisioa  ast  aoias  boaaa  pour  das  trajactoiras  d* iatarcaptioa,  alia  ddpaad  das  eoaditioas 
iaitialas  da  I'auioa  iatareaptaur  at  du  ddpoiataga  iaitial  (diffdraaca  aatra  I'asiaut  du  sactaur  Titassa 
da  I'auloB  at  calui  da  la  cibla)  par  rapport  4  la  cibla.  Oaa  aadlioratioa  das  lois  da  coaaaada  aa 
iatarcaptioa  pourrait  dtra  obtaaua  aa  proeddaot  eoasa  pour  la  aoatda,  c'set-d-dira  aa  ebarebaat  4 
aadliorar  la  caleul  das  profils  da  aoatda  da  la  solutioa  "axtdriaura". 

Pass  toss  las  cas,  la  aisa  aa  oauvra  auadriqua  da  ess  lois  sous^optiaalas  aa  "taaps  rdal"  ast 
siapla,  soa  iaplaotatioa  sur  ua  caleulataur  aabarqud  foactioaaaat  aa  taaps  rdal  pourrait  dtra  faite 

aisdaaat . 

ameTxmrs 

Las  rdsultats  prdsaatds  daas  ca  ebapitra  oat  dtd  aa  graada  partia  obtaaus  daas  la  cadre  da 
coavaatiOBs  da  la  DRBT  (Oiractioa  das  taebarebaa,  Btudas  at  Taebaiquas)  4  laqualla  aoua  taaoas  4 
axpriaar  aos  raBureiaasats. 
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Frame  of  reference  attached  to  vehicle. 

Frame  of  reference  attached  to  Barth. 

Momenta  and  product  of  Inertia  in  freune  Pg. 

Matrix  of  direction  cosines. 

Aerodynamic  moment  vector. 

Mass  of  vehicle. 

Wind  gradient  inputs. 

Airspeed  vector?  the  velocity  of  the  airplane  mass  centre  relative 
to  the  local  air  mass. 

Groundspeed  vector?  the  velocity  of  the  airplane  mass  centre 
relative  to  F^. 

Wind  vector?  velocity  of  the  air  relative  to  Pg. 

Aerodynamic  force  vector. 

Angles  of  attach  and  sideslip. 

Aileron,  elevator,  and  rudder  angles. 

Gradient  operator. 

Angular  velocity  vector  of  vehicle  relative  to  F^. 

Euler  angles  of  Fg  relative  to  Fg. 


1.  The  Atmosphere 

The  layer  of  gas  that  envelops  the  Earth  is  very  thin,  of  the  order  of  1%  of  the 
Earth's  diameter.  This  layer,  the  atmosphere,  is  host  to  a  multitude  of  c^plex 
phenomena  —  Chemical,  thermal,  electromagnetic,  optical  and  fluid-dynamic,  all  of  vihich 
are  coupled,  and  on  ii^ich  life  on  Earth  depends.  Our  interest  here  is  confined  to  the 
motion  of  the  air  —  i.e.,  the  wind  (horizontal  and  vertical)  and  its  attendant 
turbulence. 

The  atmosphere  can  be  viewed  as  a  giant  heat  engine,  converting  radiant  solar  energy 
into  Xinetic  and  potential  energy  of  the  air  mass.  Radiation  reaching  the  earth  from  the 
sun  distributes  thermal  energy  unequally  due  to  the  increasing  atigle  of  incidence  from 
the  equator  to  the  poles.  This  results  in  a  pole-to-equator  zonal  temperature  gradient, 
a  form  of  potential  energy.  The  system  tries  to  reduce  this  gradient  through  a 
complicated  process  of  energy  transfer.  Firstly  the  zonal  isotherms  (approximately 
Bast-West  lines)  are  deformed  into  large-scale  thermal  eddies  Which  transport  warm  air 
northward  and  cold  air  southward,  converting  zonal  available  potential  energy  (ZAPB)  into 
eddy  available  potential  energy  (SAFE).  The  BAPS  is  then  converted  into  eddy  kinetic 
energy  (BICB)  through  vertical  motions  in  the  eddies. 

The  ZAPB  creates  winds  that  increase  with  height  (vertical  wind  shear)  up  to  the 
tropopause,  resulting  in  the  jet  stream?  the  RAPE  deforms  the  flow  from  zonal  to  a 
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naanderlng  wava  fonor  and  tha  EKB  producaa  tha  larga  scale  wind  fields  associated  with 
the  systems  that  dominate  our  vreather  on  a  weekly  time  scale.  These  are  the  synoptic 
scale  features.  This  large  scale  wind  pattern  la  further  cosapllcated  by  Uie  irregularity 
of  the  Earth's  surface  and  by  the  Barth* s  rotation.  The  oceans^  continentSi  mountain 
ranges  and  polar  ice  caps  distort  the  circulation  pattern,  'steering*  the  highs  and  lows 
of  the  pressure  pattern;  the  Barth's  rotation,  with  its  attendant  Coriolis  force,  is 
responsible  for  the  circulation  around  the  highs  and  lows.  Smaller  scale  features  such 
as  glaciers,  valleys  and  mountain  passes  can  dominate  the  local  wind  fields,  at  times 
producing  winds  as  strong  as  those  measured  in  the  jet  stream.  On  the  i^croscale, 
meteorological  phenomena  such  as  thunderstorms,  tornadoes,  viaterspouts,  cold  air  funnels 
and  dust  devils  can  be  very  significant  and,  although  relatively  short-lived,  very 
dangerous.  Among  these,  the  downburst  at  ground  level  Cl,  2],  vAiich  can  occur  with  or 
without  precipitation,  is  perhaps  the  most  dangerous  for  aviation.  Figure  1,  taken  from 
Ref.  3,  shows  the  scales  of  atmospheric  phenanena,  from  waves  of  planetary  size  down  to 
millimetres,  and  Fig.  2  illustrates  the  downburst  phenomenon  C4]. 

Figure  3,  from  Ref.  5,  shows  the  three  main  peaks  in  the  spectrum  of  the  wind;  the 
one  at  a  period  of  about  100  hours  corresponds  to  synoptic  scale  highs  and  lows  in  the 
pressure;  that  at  about  24  hours  corresponds  to  the  diurnal  fluctuation,  and  the  third 
peak,  at  a  period  in  the  order  of  one  minute,  corresponds  to  the  type  of  gustiness 
typically  seen  rifflng  a  field  of  wheat  on  a  summer  day.  It  is  this  latter  peak  that  is 
associated  with  the  "turbulence"  felt  by  airplanes.  Small-scale  turbulence  is  often 
associated  with  many  larger  scale  wind  features,  such  as  both  high  and  low  level  jets, 
all  convective  phenomena,  mountain  waves,  and  the  wakes  of  mountains  and  cliffs.  liOcal 
microscale  turbulence  also  occurs  in  the  boundary  layer  at  the  ground,  and  in  the  wakes 
of  man-made  objects  such  as  buildings.  Small-scale  turbulence  is  usually  a  result  of 
strong  local  shear,  i.e.,  a  strong  spatial  gradient  in  the  velocity  vector. 


2.  The  Influence  of  Wind  on  Flight 

Next  to  reduced  visibility  and  failure  of  electrical  or  mechanical  equipment,  it  is 
wind  that  presents  the  greatest  hazard  to  aviation.  Because  of  en-route  winds,  airplanes 
have  lost  their  way;  because  of  sudden  gusts,  airplanes  have  suffered  catasrophic 
structural  failures;  because  of  continuous  turbulence,  there  have  been  many  injuries  to 
passengers  and  crew  and  much  damage  to  vehicles;  because  of  low-level  wind  shear  there 
have  been  many  loss-of-life  accidents  during  landing  and  take-off  [6].  A  discussion  of 
all  these  effects  on  flight  would  lead  us  well  beyond  the  scope  of  this  volume,  which  is 
restricted  to  aircraft  trajectories.  For  this  purpose  we  Interpret  'trajectory*  to  mean 
primarily  the  'flight  path',  i.e.,  the  locus  of  the  airplane's  mass  centre  in  an 
Earth-fixed  coordinate  system.  A  secondary  aspect  of  'trajectory*  can  be  considered  to 
be  the  vehicle  attitude,  as  given  by  d  (pitch  angle)  and  s  (roll  angle).  Not  only  do 
these  angles  influence  flight  path  indirectly  through  the  direction  of  the  lift  vector, 
but  they  must  themselves  not  exceed  certain  limits  when  the  airplane  is  near  the  ground. 

Although  turbulence  during  cruising  flight  far  from  the  ground  can  exert  important 
influences  on  structural  loading  and  fatigue,  ride  qualities,  controllability,  and  pilot 
workload  C7,  6l,  it  is  a  relatively  insignificant  factor  insofar  as  flight  path  is 
concerned.  The  random  deviations  in  the  trajectory  produced  in  practical  controlled 
flight  at  alitutde  are  neligible  compared  to  the  space  available.  On  the  other  hand, 
when  flying  close  to  the  ground,  as  in  low-level  terrain-following,  or  during  landing  and 
take-off,  flight  path  deviations  resulting  from  turbulence  may  indeed  be  a  significant 
factor,  even  in  the  presence  of  tight  control  [93. 

That  being  said,  it  is  nevertheless  the  mean  wind  that  has  the  greatest  effect  on 
trajectory  [113 «  By  "mean  wind"  we  mean  the  time-average  taken  at  a  fixed  point,  over  an 
interval  of  a  few  minutes  —  a  time  long  enough  for  an  airplane  to  travel  a  distance 
several  times  as  long  as  the  integral  scale  of  the  turbulence.  This  scale  length  at 
cruising  heights  is  of  the  order  of  300-800  m,  so  at  a  cruising  speed  of  300  m/s,  3 
minutes  can  be  considered  a  very  long  time,  the  distance  traversed  being  of  the  order 
60-180  scale  lengths. 

We  further  note  that  when  considering  en-route  cruising  at  altitude,  the  task  of 
accounting  for  wind  analytically  amounts  merely  to  adding  the  instantaneous  wind  vector 
to  the  instantaneous  airspeed  vector  to  arrive  at  the  groundspeed  vector j 

*  * 

V®  -  V  +  W  (1) 

No  other  change  is  needed  to  the  aerodynamic  or  dynamic  models  of  the  vehicle  system  used 
for  flight  in  still  air.  In  fact,  modern  navigation  aids  enable  airplanes  cruising  at 
altitude  to  follow  predetermined  Barth-fixed  paths,  with  the  wind  appearing  simply  as  a 
disturbance  that  is  automatically  or  manually  compensated  for.  Thus  the  en-route  effect 
of  wind  on  trajectory  has  now  become  a  trivial  problem.  It  is  principally  noticed  in  the 
influence  of  head-winds  and  tail-winds  on  block  time  and  fuel  consumption. 

This  leads  us  finally  to  the  residual  issue  —  the  influence  of  wind,  wind  shear, 
and  turbulence  on  flight  close  to  the  ground.  A  natural  subdivision  into  major  classes 
of  flight  condition  occurs  in  that  landing  and  take-off  are  loii^speed  transients  Pereas 
terrain-following  is  a  high  speed  quasi-etochastic  process,  lii thin  each  of  these  classes 
there  is  a  further  subdivision  into  the  response  to  mean  wind,  and  the  response  to 
turbulence  [7  3*  The  distinction  bet%#een  the  last  two  is  sometimes  blurred,  in  that  When 
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carrying  out  aimulations  the  wind  model  used  to  provide  inputs  to  the  system  equations 
will  ordinarily  combine  the  mean  wind  with  a  single  realisation  of  the  turbulence  to 
produce  a  total  wind*  This  tends  to  conceal  somewhat  the  true  random  nature  of 
turbulence*  which  is  only  brought  out  by  statistical-type  analyses. 

In  the  following*  we  describe  a  system  model  suitable  for  the  computation  of 
transient  and  statistical  responses.  It  is  constructed  from  the  particular  viewpoint  of 
flight  simulation*  but  of  course  can  be  used  for  other  classes  of  computation*  e.g.* 
open-loop*  or  where  aui  analytical  model  of  a  human  or  automatic  control  system  is  used  to 
close  the  loop. 


3.  The  System  Model 


The  model  is  subdivided  into  four  parts*  vist 

•  dynamics 

•  kinematics  and  transformations 

•  aerodynamics 

•  wind 

These  are  discussed  separately  in  the  following  and  are  displayed  in  dlagramatic  form  in 
Fig.  4.  It  is  believed  that  the  particular  choice  made  herein  for  coordinate  systems  and 
variables  will  lead  to  the  moat  efficient  computation  for  flight  simulators  in  which 
variable  wind  is  incorporated.  (See  also  Refs.  12*  21). 


3.1  Dynamics 

The  equations  of  motion  of  the  vehicle  are  written  essentially  as  in  Ref.  13  with 
the  following  assumptions: 

•  the  vehicle  is  a  rigid  body 

•  it  has  a  plane  of  inertial  and  aerodynamic  symmetry*  CxnZ3 

•  axes  fixed  to  Earth  are  an  inertial  frame  of  reference  (the  stationary 
flat-Earth  approximation) 

Two  reference  frames  are  used  —  the  conventional  body-fixed  axes  (Cx3yQ23)  with 
origin  at  the  mass  centre  Ct  and  Earth-fixed  axes  The  latter  would  for 

convenience  have  the  origin  at  ground  level*  os,  vertically  downward*  and  ox^  pointing  in 
some  convenient  direction*  for  example,  that  bf  the  runway*  or  of  the  mean  wind*  or 
North . 

The  force  equations  are  written  in  Fg*  vis: 

«  m  u| 

Yj.  (2) 

mg+Zg  -  ra 

Here  (X^*  components  of  the  resultant  aerodynamic  force  acting  on  the 

airplane  (including  thrust  and  control  forces)  projected  onto  the  axes  of  frame  F^: 
V®  ■  Cu®  V®  w®]*^  is  the  groundspeed  vector,  i.o,,  vehicle  velocity  relative  to  F^  with 
the  directions  of  the  components  unspecified*  and  V®  ■  [u®  v^  w®]’^  is  the  groundspeed 
vector  with  components  given  in  the  frame  F^. 

When  the  LH8  of  (2)  is  input,  the  equations  are  readily  integrated  to  yield  the 
groundspeed  components . 

The  moment  equations  are  written  in  Fg*  visi 

■  Vp  -  +  pq)  -  (ly  - 

M  -  -  P^)  -  <3) 

»  “  -  ^Bxlp  -  qr)  -  (I,  -  Iy)pq 

Here  (L,  M,  N)  are  the  aerodynamic  moments  acting  about  the  vehicle  m.c.*  including  those 
produced  by  the  propulsion  system  and  the  control  surfaces,  (1,^,  ly, 
usual  moments  and  products  of  inertia  in  the  frame  Fb-  and  (p,  q,  r)  are  the  components 
of  the  vehicle  angular  velocity  u  relative  to  inertial  space.  Which  is  of  course  also  the 
angular  velocity  of  Fg  wrt  F..  The  components  (L,  H,  N)  and  (p,  q*  r)  are  in  the 
directions  of  the  axes  of  Fg.  ■ubacripts  or  •uporacrlpta  ara  nonully  uaad  for  thaaa 
lattar  ayabola.  ^ 

\ 
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Wh«n  th«  liiS  of  (3)  ar«  input,  togatHar  with  initial  valuaa  of  (p,  q,  r)  (usually 
saro) ,  tha  aquations  ara  raadily  intagratad  to  yiald 


3.2  Klnamatics  and  Transformations 

Tha  outputs  from  (2)  ara  tha  groundspaed  componants,  which  ara  then  raadily 
intagratad  to  yiald  tha  desired  trajectory,  i.a.. 


t 

^^*8  “  /  “1 
o 

t 

”  /  ''I  (♦) 

O 

t 

*  /  w|  dt 
o 


Since  tha  aerodynamic  forces  ara  calculated  using  the  airspeed  components  in  frame  P^,  we 
require  tha  components  of  V  In  that  frame.  The  airspeed  vector  is  given  by  (1)  and  is 
transformed  to  P^  by  the  matrix  of  direction  cosines. 


i.a 


^BE  “ 


Vb  -  Se^^I  - 


(5) 


From  the  components  of  Vg  «  [u  v  w]^,  the  airspeed  and  the  aerodynamic  angles  are  given 
byi 

V*Cu2  +v2  +tf2]l/2 

a  *  tan'l  (w/u>  (6 ) 

0  *  ain*l  (v/V) 

The  aerodynamic  force  vector  is  calculated  in  frame  Pg,  but  is  needed  in  frame  P^ 
for  tha  computation  of  (2).  The  transformation  is  simple,  being  given  by 


whara 


T 


(7) 


(8) 


Tha  oomponants  of  the  matrix  can  be  expressed  in  terms  of  the  conventional  Euler 
angles  by  (4.5,4)  of  Raf.  13,  vizt 


- 


( cose  coa4 ) 

(sin#  sine  cos4'COS4  sin4p) 
(cos4  sine  cosi4>sin4  sini) 


( cose  s in4 ) 

(sine  sine  sin4'tcos4  co84 ) 
(cose  sine  sin4-sin4  co84>) 


(-sine ) 
(sine  cose) 
(cos4  cose) 


(9) 


Howavar,  bacausa  of  tha  trigonometric  functions  it  contains  it  is  not  efficient  to 
compute  Lg*  from  this  aquation  except  when  the  angles  are  small,  in  which  case  it  reduces 
to  a  simple  algebraic  relation,  hn  alternative  for  computing  Lq.  is  obtained  from 


(4.6,7)  of  Raf.  13,  1..., 

l-BE 

-  -«  Lgg 

'  Be 

(10) 

Wh.r. 

0 

-r  q 

w  • 

r 

0  -p 

(11) 

-q 

P  0 
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Equation  (10)  is  a  set  of  nine  ordinary  differential  equations  that  can  readily  be  solved 
for  the  nine  for  example,  the  first  one  reads 

ill  *  -*■*21  ‘i*31 


and  the  others  are  similar.  Since  there  are  only  3  independent  Ij ^  in  view  of  six 
nonlinear  algebraic  relations  among  them  (see  (4.4,9)  of  Ref.  13),  it  is  not  in  fact 
necessa^  to  ^solve  all^  9  of  the  ordinary  differential  equations.  If  we  denote 


of  and  12  and  then  calculate  I3  from  the  relation 


(13) 


If  the  Euler  angles  themselves  are  needed  as  an  output,  for  example  to  drive 
instrumentation  or  a  motion  base,  they  can  be  updated  as  frequently  as  needed  from  the 
following  relations: 


0  *  -sin“llj3 

i  -  tan*l (123/133)  (14) 

i  •  tan'l  (Ii2/J*ii ) 

Because  of  unsteady  aerodynamic  terms  such  as  Z;,w  and  M*w  (or  Z*a^and  a )  which 
usually  appear  in  the  aerodynamic  model,  we  need  expressions  tor  w  ana  v  (or  a  and  ^). 
It  is  almost  always  good  enough  to  approximate  the  true  derivatives  [from  (6)]  by 


From  (5)  we  get 


(15) 


”  -  “e>  - 5^' 


(16) 


and  hence  we  need  the  second  and  third  component  of  the  RHS  of  (IB)  to  calculate  and 


Now  is  given  by  (3),  and  v|,  W^, 
leaves  the  last  two  derivatives  on  the 
(2)  as 


are  all  known  at  any  computing  step.  This 
'to  be  found.  The  first  of  these  is  given  from 


dt  m 


Zg  +  mg 


(17) 


♦ 

The  derivative  dw^/dt  of  (16)  must  be  recognised  as  a  convective  derivative.  That 
is,  Wg  is  given  as  a  function  of  position  and  time  in  and  the  value  of  changes  at 
the  airplane  c.g.,  even  when  Wg  is  constant  at  any  given  point  in  space  if  there  is  wind 
shear,  i.e.,  if  there  is  a  gradient  in  Wg .  The  gradient  is  expressed  by  the  square 
matrix 


a  ~ 

"Wyg 

°''*XE  ' 

axg 

»’‘E 

»Xg 

**E 

a 

- 

»'«»E 

9Ye 

svb 

ove 

sve 

a 

*”vB 

**B 

»»«XE 

_®*E 

®*B 

»SB  . 

♦  ♦ 
in  «diich  7  is  the  gradient  operator.  The  derivative  of  Wg  is  then  given  by 


(18) 
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(19) 


Thus  all  the  ingredients  needed  for  calculating  w  and  v  or  a  and  are  at  hand.  In  the 
wind  models  commonly  used,  all  the  ?)/dt  terms  in  (19)  are  neglected. 


One  final  transformation  is  needed.  If  substantial  wind  gradients  are  present,  and 
if  the  aerodynamic  model  can  accommodate  then,  then  it  is  necessary  to  calculate  these 
gradients  in  the  frame  F^.  'Rie  required  transformation  is 


♦  ♦T  ♦T 

''b'’b  ”  ^be’e**b  ^eb 


(20) 


Mthough  this  appears  to  be  a  complex  transformation.  It  is  much  simplified  when  the 
gradient  in  has  few  terms.  Thus  if  the  case  considered  is  for  example  landing  or 
take-'Off  through  vertical  wind  shear,  the  only  term  that  is  non-zero  on  the  RHS  of 
(18)  is  The  computation  of  (20)  is  then  much  simplified.  In  any  event,  one 

needs  only  four  of  the  nine  elements  of  Csee  (21) 3* 


3. 3  Aerodynamics 

The  aerodynamic  model  is  a  sum  of  three  part8< 

(1)  The  basic  power-on  force  and  moment  in  still  air,  which  is  assumed  to  be  given  in 

terms  of  the  airspeed  vector  V« ,  the  angular  velocity  il) ,  and  the  thrust 
coefficient  CL|«  The  airspeed  vector  is  characterized  by  its  components  (u,  v,  w) 
or  by  its  magnitude  and  two  angles,  i.e.,  (V,  «,  f). 

The  basic  forces  also  depend  on  configuration  — ~  i.e.,  on  the  position  of  landing 
gear,  flaps,  etc.  Changes  in  configuration  can  be  included  when  needed,  as  in 
landing  and  take-off  transients. 

An  additional  input  to  aerodynamic  forces  and  moments  that  is  almost  always 
present  are  unsteady  flow  variables  such  as  a  or  ^ .  Unsteady  effects  cannot 
normally  be  ignored,  and  computing  them  in  the  presence  of  variable  wind 
unfortunately  adds  significant  computation  effort,  as  noted  in  Section  3.2. 

(2)  The  additional  moments  and  forces  resulting  from  actuation  of  the  aerodynamic 
controls  —  elevator,  aileron,  rudder,  etc. 

(3)  The  additional  forces  and  moments  resulting  from  the  presence  of  the  wind.  These 
are  introduced  in  two  parts.  First,  the  wind  vector  W  modifies  the  airspeed 
vector  V  by  virtue  of  (1),  i.e.. 


V  •  -  w 

In  this  way  a  and  0  are  modified  by  the  presence  of  wind.  Second,  it  must  be 
noted  that  W  is  wind  at  the  vehicle  c.g.  and  that  the  variation  of  wind  over  the 
length  and  span  of  the  airplane  must  be  taken  into  account  in  some  situations.  In 

n  is  expressed  in 
Which  then  appear 


From  a  fundamental  vie%fpoint,  an  aerodynamic  model  adequate  for  trajectory 
calculation  is  the  "quasi-static  linear-field"  model  (QSLFH)  (see  Ref.  7).  In  this 
model,  the  %rind  velocity  vector  is  assessed  to  vary  linearly  over  the  length  ^d  span  of 
the  airplane,  and  the  unsteady  terms  In  the  aerodynamic  force  except  for  a  and  |  are 


the  "linear-field"  oodel,  discussed  further  below,  this  variati 
terms  of  certain  equivalent  rotations,  denoted  (p.  q.  r.^  ^20'* 
as  outputs  of  the  wind  model  and  inputs  to  the  aerMynamic  mMsl 
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neglected.  This  it  in  sharp  contradistinction  to  problems  of  flutter  and  structural 
loading  due  to  gusts*  in  which  unsteady  aerodynamics  plays  a  fundamental  role.  The  two 
assumptions*  quasi^static  and  linear-field*  are  compatible  in  that  both  are  violated  at 
about  the  same  wave  nuniber  in  sinusoidal  %dnd. 

Unfortunately*  no  general  formulation  can  be  given  for  aerodynamic  forces  and 
moments  %#hen  the  angles  a  and  0  are  large*  i.e.*  %rt\en  there  is  separated  flow  over  the 
airplane.  In  the  case  of  small  perturbations*  l.e.«  %rt)en  variations  in  (V*  a*  0)  are 
small*  and  %<hen  (p,  q«  r)  are  small*  then  the  classical  formulation  of  aerodynamic  forces 
and  moments  in  terms  of  aerodynamic  derivatives  is  valid  (see  for  example  Ref.  13). 
Fortunately,  this  is  so  for  many  problems  in  flight  dynamics.  When  representation  by 
derivatives  is  not  adequate,  then  individual  mathematical  models  of  forces  and  moments  as 
functions  of  a  and  0  must  Im  constructed.  The  airspeed  inputs  (u*  v*  w)  already  contain 
the  wind  effect  on  (V*  a,  0)  as  noted  previously.  We  have  now  to  add  the  gradient 
effects.  It  is  shown  in  Ref.  7  that  there  are  four  significant  wind  gradients  that  can 
produce  aerodynamic  forces  emd  moments  worth  including.  These  are 


9Wj  /»Yb 

/ays 

B 

B 

-aw^/axg 

Thus  the  effective  relative  rates  of  roll  and  pitch  are  (p'pg)  and  (q-q  )  respectively* 
and  the  aerodynamic  momenta  associated  with,  for  example,  1^  and  M_are^correspondingly 
modified.  The  atmospheric  yaw  rate  is  considered  in  two  parts*  and  as  shown 
above.  This  is  because  r^  and  rj^  can  both  affect  swept  wings*  but  OTiy  r2„  affects  the 
vertical  tail  (see  Ref.^  7).  Thus  the  derivatives  which  multiply  them  must  be 
correspondingly  calculated.  In  the  case  of  small  perturbations*  then*  one  would 
calculate  the  perturbation  aerodynamic  forces  and  moments  resulting  from  motion  and  wind 
with  equations  such  as  the  following.  In  these  we  have  assumed  no  cross -coupling  between 
longitudinal  and  lateral  aerodynamics  but  this  assumption  is  of  course  not  essential  to 
the  method  of  analysis. 
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(23) 


(V*  a,  0)  could  be  used  instead  of  (u*  v*  w)  if  desired.  fWe  note  again,  for  comparison 
with  the  equations  given  in  Ref.  7  that  the  wind  effects  on  (u*  v,  w)  have  already  been 
included*  so  that  there  are  no  terms  (u_,  v  ,  w  )  in  (22)  and  (23)).  Finally  the 
addition  of  control  forces  and  moments  co^le^s  ^e  aerodynamic  model.  These  might 
typically  look  like 
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Where  (06^/  06^*  06^)  are  the  aileron,  elevator  and  rudder  angles. 
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1,3.4  Thm  Wind  Modal 


M«an  Wind  (Sm  Refs.  2,  7«  9,  14.  15.  24.  25.  26) 

A  model  for  the  mean  wind  consists  of  a  prescription  of  Wg(fg).  i.e..  of  the  wind 
vector  relative  to  Barth,  expressed  as  a  function  of  the  position  vector  « 
[xg  usual  to  omit  any  explicit  dependence  of  Vf  on  time,  since  temporal 

changes  in  the  wind  at  a  fixed  point  are  alow  relative  to  the  perceived  rate  of  change 
that  comes  from  the  laction  of  the  aircraft  penetrating  a  spatially  variable  wind  at  a 
relacively  high  speed.  As  indicated  by  the  subscripts,  the  components  of  W  and  f  would 
normally  be  given  in  the  Barth-fixed  reference  frame  F^.  Vfhen  needed  in  the  body-fixed 

frame  Fa  for  aerodynamic  calculations,  the  transformation  is  used,  as  in  (5).  Vfhen 

is  given,  then  the  gradient  is  either  explicit  or  implicit.  One  common 

situation  is  landing  or  talce-off  through  the  planetary  boundary  layer  (see  Ref.  9).  A 
suitable  model  for  that  case,  with  Ov  at  ground  level  and  Oxg  pointing  downwind,  is 
(Ref.  7) 


0 

0 


(25) 


Here  -Sg  are  the  reference  wind  speed  and  the  height  at  Which  it  occurs.  The 
exponent  a  of  the  power  law  depends  on  the  roughness  of  the  upwind  terrain,  and  typically 
varies  fr^  about  0.1  for  a  smooth  surface  to  0.4  for  an  urban  centre.  Vlith  the  above 
wind  the  gradient  (or  wind  shear)  matrix  is  given  by 


0  0 


0  0 


0 


0 

0 

0 


(26) 


The  fact  that  aW,^  /sg  •  as  Sg  ♦  0  at  first  glance  seems  unsuitable.  However  the 
airplane  mass-centre  is  always  a  finite  distance  above  the  runway,  so  this  term  becomes 
large#  but  not  •.  If  desired,  the  model  can  be  further  adjusted  by  displacing  the  origin 
slightly  downvrards. 

Another  interesting  case  for  the  mean  wind  is  the  dovmburst.  which  has  been 
responeible  for  numerous  airline  accidents.  A  number  of  models  have  been  proposed  for 
this  wind  field.  A  useful  three  dimensional  model  with  some  adjustable  parameters  is 
that  of  Ref.  10.  (See  also  Refs.  14.  20.) 

Turbulence  (See  Refs.  5.  7.  8.  9.  15.. .19.  22,  23.  26) 

When  a  particular  trajectory  is  to  be  calculated  or  simulated,  as  opposed  to  a 
statistical  analysis  of  many  trajectories,  then  the  turbulence  must  be  simulated  as  an 
appropriate  random  function  of  time  for  input  to  the  system  equations .  There  are  seven 
inputs  needed,  to  be  added  to  those  of  the  mean  winds 

(6Wj(.  AWy.  AWf.  Pg*  ^ig'  ^zg^ 

although  many  probleme  can  be  solved  approximately  with  only  the  first  thres  of  these. 
There  have  been  numerous  methods  proposed  in  the  literature  for  generating  suitable 
turbulence  inputs.  When  the  flight  path  is  in  the  planetary  boundary  layer  and  the 

turbulence  is  anisotropic,  the  turbulence  modelling  needs  to  be  more  sophisticated  than 

for  flight  at  altitude.  For  then  the  three  turbulence  intensities  g* 

not  equal,  thay  vary  with  height,  the  significant  scale  lengths  also  vary^wi 
and  there  is  moreover  a  non-vanishing  cross-correlation  between  W^^  and  For  the 

planetary  boundary  layer,  one  would  of  necessity  chooss  to  generate  the  turbulent 

velocities  in  the  frame  Fg  for  the  above  reasons.  At  altitudes  outside  the  boundary 
layer#  Where  the  turbulence  is  approximately  isotropic#  and  henca  vary  much  simpler#  the 
velocities  could  be  generated  in  the  frame  Fg.  and  some  transformation  calculations  can 
be  avoided. 

The  turbulent  wind  inputs#  lihs  those  of  the  mean  wind#  are  treated  as  functions  of 
Tg,  although  they  are  often  converted  to  time  series  through  the  relation  tg  «  t 

with  as  a  constant. 

Insofar  as  statistical  analysis  of  trsjectoriss  is  concerned#  the  specific 
analytical  formulation  required  is  outside  the  scope  of  this  paper.  It  is  however  given 
in  Ref.  7.  The  theory  is  oomplicated.  and  the  computations  are  heavy#  especially  fOr 


0^  )  are 

h  height, 
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trajactories  in  tha  planetary  boundary  layer«  such  as  in  landing.  Some  studies  have  been 
made  of  landing  trajectories  that  show  that  turbulence  combined  with  shear  can  produce 
operationally  important  deviations  from  tha  glide  slope  (Refs.  9,  22,  23). 

References 


1.  Pujita*  T.  T. ,  "Ooumburats  and  Microbursta  -  An  Aviation  Hazard",  Proc.  ISth  Conf. 
on  Radar  Meteorology,  American  Meteorological  Society,  Boston,  pp.  94-*l01,  1980. 

2.  Frost,  W.,  Chang,  H.  P. ,  Elmore,  K.  L. .  and  McCarthy,  J.,  "Microburst  Wind  Shear 
Models  from  Joint  Airport  Weather  Studies  (JAWS)",  U.S.  PAA  Washington,  IM-SS-IS. 

3.  Dutton,  J.  A.,  The  Ceaaeleaa  Wind,  McGraW--Hill  Book  Co.,  Hew  York,  1976. 

4.  Btkin,  B.  and  SShu,  S. ,  "Model  of  the  Wind  Field  in  a  Oownburst" ,  AlAA  Jour.  of 

Aircraft,  Vol.  22,  No.  7,  July  1985. 

5.  Lumley,  J.  L.  and  Panofaky,  M,  A.,  The  Structure  of  Atmospheric  Turbulence,  John 

Wiley  A  Sons,  New  York,  1964. 

6.  Btkin,  B.  and  Zhu,  S.,  "Control  Logic  for  Landing-^Abort  Autopilot  Mode",  University 
of  Toronto,  tfTlAS  Report  No.  258,  Oct.  1981. 

7.  Etkin,  B. ,  "Turbulent  Wind  and  Its  Effect  on  Plight",  AIAA  Jour,  of  Aircraft,  Vol. 
18,  No.  5,  May  1981. 

8.  Roubolt,  J.  C. ,  "Atmospheric  Turbulence",  AIAA  Jour.,  Vol.  11,  No.  4,  April  1973. 

9.  ZhUi  S.,  "Automatic  Landing  Through  the  Turbulent  Planetary  Boundary  Layer", 
University  of  Toronto,  UTIAS  Report  NO.  239,  Nov.  1985. 

11.  Pslaki,  M.  L,  and  Stengel,  R.  P.,  "Optimal  Plight  Paths  Through  Microburst  Wind 

Profiles",  AIAA  Jour,  of  Aircraft,  Vol.  23,  No.  8,  Aug.  1986. 

12.  Frost,  W.  and  Bowles,  R.  L. ,  "Wind  Shear  Terras  in  the  Equations  of  Motion",  AIAA 
Jour  of  Aircraft,  Vol.  21,  No.  11,  Nov.  1984. 

13.  Etkin,  8.,  Dynamics  of  Atmospheric  Flight,  John  Wiley  A  Sons,  New  York,  1972. 

14.  Ivan,  M.,  "A  Ring-Vortex  Downburat  Model  for  Plight  Simulations",  AIAA  Jour.  of 
Aircraft,  Vol.  23,  No.  3,  March  1936. 

15.  Campbell,  C«  W.,  "A  Spatial  Model  of  Wind  Shear  and  Turbulence  for  Plight 
Sinulation",  NASA-TP-2313,  May  1984. 

16.  Reeves,  P.  M«,  Campbell,  0.  S.,  Graneer,  V.  N.,  Joppa,  R.  G. ,  "Development  and 

Application  of  a  non-Gaussian  Atmospheric  Turbulence  Model  for  Use  in  Flight 
Simulators",  NASA  CR  2451,  1974. 

17.  Tatom,  F.  B.,  Smith,  S.  R.,  Pichtel,  G,  H.,  "Simulation  of  Atmospheric  Turbulent 

Oust  and  Gust  Gradients",  AIAA-dt-0300,  AIAA  19th  Aerospace  Sciences  Meeting, 
January  12-15,  1981,  St.  Louis,  Missouri. 

18.  Van  de  Noesdijk,  0.  A.  J. ,  "the  Description  of  Patchy  Atmospheric  Turbulence  Based 
on  a  non-Gaussian  Simulation  Technique",  Delft  University  Report  VTH-192,  Feb. 
1975, 


19.  Van  de  Moesdijk,  O.  A.  J,,  "Non-Gaussian  Structure  of  the  Simulated  Turbulent 
Environment  in  Piloted  Flight  Simulation",  Delft  University  Report  M-304,  1978. 


20. 

Btkin,  B. , 
1986. 

"Comsent  on 

(R.f. 

14)”, 

AIAA 

Jour. 

of 

Aircraft, 

Vol. 

23,  No.  9,  Sept. 

21, 

Btkin,  B., 
1987. 

"CosBoent  on 

(R.f . 

12)", 

AIAA 

Jour. 

of 

P^rcraft, 

Vol. 

24,  No.  7,  July 

22.  Holley,  W.  B.  and  Bryson,  A.  E.  Jr.,  "Wind  Modelling  and  Lateral  Control  for 
Automatic  Landing",.  AIAA  Jour,  of  Spacecraft  A  Rockets,  Vol.  14,  No.  2,  Feb.  1977. 

23.  Reid,  L.  D, ,  "Correlation  Model  for  Turbulence  along  the  Glide  Path",  AIAA  Jour,  of 
Aircraft,  Vol.  15,  No.  I,  Jan.  1978. 

24.  Harkov,  A.  B.,  "The  Landing  Approach  in  Variable  Winds*  Curved  Glide  Path 
Oeomatries  and  Worst-Case  Wind  Modelling",  University  of  Toronto,  UTIAS  Report  No. 
254,  Dec.  1981. 

25.  Cavalcanti,  S,  0,,  "Critical  Conditions  for  tha  Automatic  Control  of  Landing  from 

Oacision  Haight  in  Variabla  Winds",  University  of  Toronto,  UTIKS  Report  Mb.  284. 
Oct.  1984.  ^ 

26.  Btkin,  B.  and  Taunisaen,  H.  W.,  "A  Mathod  for  the  Bstimation  of  Flight  Path 
Perturbations  lAiring  Staap  Descants  of  V/NPOL  Aircraft",  CASI  Trans.,  Vol.  2,  8apt. 
1974. 


speed,  m/t 


m  10’  10’  10  1 

cm  10’  10  1  10-' 

Wavelength 


Fig.  1  Scales  atmospheric  phenomena.  For  many  of  these 
pV^in-  •I'-'mi,  it  is  possible  to  choose  different  length 
or  t>eed  scales,  thus  giving  quite  different  time 
scales.  (From  “The  Ceaseless  Wind”  bv  John  A.  Dutton? 
McGraw-Hill,  1976). 


Fig.  2  Section  through  a  thunderstorm  in  the  mature  stage 

(from  Byers,  H.  R.,  Braham,  R.  R.,  "The  Thunderstorm” 
G.P.O.  Washington,  D.C.,  1949), 
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Fig-  4  Block  diagram  of  analytical  model 
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2.  latfAirtl— 

Wind  and  its  variatior.  may  crucially  restrict  flight  safaty  during  taka-off,  approach  and  go-around 
(SCHANZER.Nov.  1966).  For  tha  period  batwaan  1964  and  1975  tha  FAA  idantified  25  accidants  causad  by  low 
laval  wind  shaar  (ZHU,  ETKIN,  1965).  Wind  ahaar  can  be  causad  by  mataorological  phanomana,  orographic  effacts 
or  waka  vortices  and  any  combinations  (SWOLINSKY,  Nov.  1966).  Tha  most  dangerous  wind  field  is  found  in 
thunderstorms.  But  even  in  lass  severe  conditions  wind  is  an  important  factor,  aspacially  in  tha  case  of  a  limited 
flight  performance  causad  by  an  angina  failure  (KONIG.  KRAUSPE,  1961  ;  HAHN.  Nov.  1966;  SCHANZER  at  al., 
1967). 

Although  a  number  of  investigations  have  dealt  with  tha  flight  in  a  disturbed  atmosphere,  tha  studies  of  the  effect 
of  wind  and  wind  variation  on  the  aircraft's  flight-path  are  not  finished  at  alt,  but  wa  are  at  tha  beginning  of  tha 
application  of  tha  acquired  knowledge  (SCHLfCKENMAIER,  1966;  ICAO.  1967).  From  simulator  tests  we  can 
gather,  that  in  most  cases  wind  shaar  accidants  and  incidents  result  from  tha  fact,  that  the  wind  shaar 
phenomenon  was  not  understood  by  the  pilot,  due  to  his  training  condition  and  the  aircraft's  cockpit 
instrumentation  (SCHANZER.  1963).  Therefore  tha  pilot  was  not  able  to  react  to  the  wind  situation  in  an  adequate 
manner.  Tha  first  step  to  overcome  the  wind  shear  problem  is  to  understand  its  physical  phenomena.  This  paper 
tries  to  clarify  some  physical  background  under  consideration  of  the  safety  aspects  during  flight. 


3.  AIrcraH  In  mliiJ  W«M« 

3.1  ElMtIaM  ml  Mrtlwi 

For  systematic  analytical  investigations  a  mathematical  model  of  the  aircraft  is  needed  (ETKIN.  1972;  KRAUSPE. 
KLENNER,  1979).  The  main  important  aircraft  response  with  respect  to  take-off  and  landing  will  be  the  motion  in 
the  aircraft's  vertical  axis.  Therefore,  a  simplified  aircraft  model  using  only  the  aircraft's  symmetrical  plane  is 
sufficient  (SCHANZER,  1984).  Wind  effects  in  the  lateral  motion  of  the  aircraft  will  increase  the  pitot's  workload 
by  producing  side  forces  and  rolling  moments.  Crosswinds  have  to  be  compensated  by  an  angle  of  lead  according 
to  the  sketch  in  Fig.  1.  But  normally,  the  energy  situation  of  an  aircraft  is  less  affected  by  such  occurences  in  the 
horixontai  plane  and  the  lateral  aircraft  motion  is  well  controlled  by  the  pilot.  The  alternating  effect  between  the 
pilot's  workload  in  the  longitudinal  and  lateral  motion  is  still  the  object  of  research. 

Fig.  2  shows  the  vector  diagram  of  speed  and  Fig.  3  the  forcBa  in  that  plane.  The  aerodynamic  forces  are  lift  L 
and  drag  0.  Other  forces  which  take  effect  are  thrust  T  and  aircraft  weight  W.  To  satisfy  the  balance  of  forces 
of  an  unsteady  aircraft  motion,  the  d'ALEMBERT  forces  must  be  defined.  Stipulating  a  rigid  aircraft  body  the 
problem  can  be  reduced  to  the  solution  of  the  vehicle  mass  centre.  With  the  flight-path  vector  and  the  angular 
velocity  vector 


Xk  = 

0 

Q  • 

0 

T 

0 

0 

and  stipulating  a  constant  aircraft  mass  m,  the  resulting  force  equations  are  in  the  flight-path  fixed  coordinate 
system: 


F,:  m  •  CiKt,  s  L  sinst^  -  D  coss^  -  W  sint  ♦  T  cos(«-«^^o)  (3) 
F,:  “tt-t  uKk  =  -L•cos«.,^,  -  0  $in«^  ♦  W-cosy  -  T- sin(«-«^*o)  (4) 


For  a  constant  moment  of  inertia  the  moment  equation  in  the  aircraft  symmetrical  plane  is 


**,  *  =  M*  ♦  M''  •  I5> 

M*  I.  the  resulting  aerodynamic  moment  and  the  thrust  moment,  both  related  to  the  centre  of  gravity.  The  eq. 
(3,  4,  5)  are  the  non-linear  differential  equations  of  motion  of  an  aircraft,  which  can  be  solved  by  numerical 
integration  with  the  help  of  a  computer.  The  effect  of  wind  and  its  variation  is  latent  but  completely  included.  The 
flight-path  speed  is  the  superposition  of  airspeed  y  and  wind  Y  ^  (Fig.  2) 

Yk  •  X*Yw  <«> 


The  wind  angle  «vv  (MEWES,  1962)  depends  directly  on  the  horixontal  and  vertical  wind  component  (see  Fig.  2): 


T  »  T,  ♦  «w 


(6) 


for  a  given  air-path  angle  Ta  •  result  of  the  aircraft's  flight  performance  capability.  With  eq.  (6)  and  eq.  (8)  it 
is  clear  that  the  aircraft  trajectory  is  the  result  of  the  aircraft's  motion,  relative  to  the  air  mass  plus  the 
movement  of  the  air  mass  relative  to  the  ground.  Its  components  in  the  symmetrical  plane  can  be  calculated  by 
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th«  flight-path  tpaad  and  angla. 

1^  B  VicsinT 


(9) 


*g  •  Vk-cost  . 

H  is  ths  varttcal  spaad  and  Xg  it  tha  ground  spaad. 


(10) 


Tha  influanca  of  wind  valoeitias  on  tha  aircraft  motion  can  ba  roughly  saparatad  into  two  main  parts.  Tha  flight 
parformanea  dascription  of  an  aircraft  dapands  on  tha  low  fraguancy  part  of  tha  wind  vactor,  tha  wind  shaar 
componant.  Only  this  low  fraquancy  part  of  tha  wind  has  important  influanca  on  tha  anargy  ralation  of  tha 
aircraft.  Tha  rasaarch  work  with  ragard  to  tha  flying  qualitias  of  tha  aircraft  must  constdar  tha  high  fraquancy 
wind  componants,  tha  gusts  and  turbulanca.  Again  tha  boundary  batwaan  thasa  activitias  is  not  wall  dafinad;  it 
dapands  on  tha  aircraft  and  atmoapharic  charactaristics  such  as  flight  valocity,  aliituda.  gaomatry,  wing  load, 
ate.  To  varify  tha  assumptions  about  tha  influanca  of  tha  wind  vactor  on  tha  aircraft  motion  is  tha  aim  of  tha 
following  chaptars,  which  damonstratas  tha  fraquancy  dapandant  aircraft  raaction  dua  to  a  vortical  wind 
parturbation.  using  a  simpla  haava  motion  modal. 


1  f  1 1rthiin  if  If  iHlMlf  tiiriiilHri  n  tfci  ilrrraft  ■itlw 

Tha  intagration  of  tha  turbulanca  valocity  in  tha  aquations  of  motion  is  solvad  by  tha  aq.  (6)  (saa  ehapt.  3.11. 
whara  Xw  maan  wind  valocity  and  turbulanca  valocity: 


Jiw  =  Yw - I") 

Tha  main  paramatar  of  tha  aircraft  trajactory  is  tha  flight-path  daviation  in  vortical  and  lataral  diraction.  Tha 
influanca  of  vortical  wind  componants  on  tha  vartical  flight-path  daviation  shall  damonstrata  tha  fraquancy 
dapandant  aircraft  raaction.  To  maka  soma  simpla  qualitativa  considoratlons  possibla.  a  lot  of  simplifications  ara 
naeassary.  Only  tha  vartical  motion  of  tha  aircraft  will  ba  takon  into  account;  tha  othar  dagraas  of  fraadom  ara 
frozan.  Aftar  linaarizing  tha  aquation  of  motion,  tha  normalizad  forcas  in  vartical  diraction  ara: 


with 


Z.  la  -  Z..  It 


(12) 


(13) 


and 


Z 


T 


JL_ 

•Craf 


(14) 


with  flight-path  angla  Y  and  angla  of  attack  m.  Supposing  a  horizontal  rafaranca  condition  is  zaro.  Using  tha 
angla  ralation: 


4y  -  SO  s  S«vu 


(15) 


with  wind  angla  of  attach  and  pitch  angla  6  tha  vartical  accalaration  is  dascribad  by 


It  »  -  Z^It  ♦  Z«  l«Vr 


(16) 


Tha  LAPLACE  transformation  providos  tho  transfar  function  for  tha  vartical  accalaration  duo  to  tho  wind  anglo  of 
attack: 


F(s) 


(IT) 


with  a  as  LAPLACE  oporalor  and  T»1/Z^. 

In  tho  high  froquoncy  rang#  this  transfar  function  should  ba  complolad  with  tho  influanca  of  unstoady  lift  affaeta. 
Tha  lift  rooponso  to  changing  anglaa  of  attack  Is  dalayad  by  Incraaalng  fraquanclas.  As  damonstratad  in 
SCHANZER  (1965)  and  KAUFMANN  (1980).  this  offset  can  bo  approximatod  by  a  first  ordar  lag  systam.  Tha  tima 
coafficiant  Tk  dopanda  on  tho  aircraft  charactaristics.  Adding  this  offoci  of  unstoady  aarodynamic.  tho  transfor 
function  has  (hs  following  form: 
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(18) 


R«f«rring  to  tho  powor  donsity  spoetrum  of  tho  otmotphoric  turbulonco  (HAHN,  KAUFMANN,  SWOLINSKY,  1988)  it 
it  posoiblo  to  colculoto  tho  powor  donsity  spoctrum  of  tho  vortlcol  occolorotion  and  tho  vortical  ftight-path 
doviation.  For  Hnoar  syatoma  and  normal  diatributod  random  procoaaoa  tho  powor  donsity  spoctrum  of  tho  flight 
path  doviation  can  bo  caleulatod  using  tho  powor  donsity  spoctrum  of  tho  input  and  tho  transfor  function: 


S^«)  =  F(j«»)  •  F(H«*)  '  (19) 

Tho  rosult  of  this  approiimation  is  shown  in  Fig.  4  .  Tho  picturo  contains  from  top  to  bottom: 
tho  DRYDEN  powor  donsity  spoctrum  as  tho  input  signal  with  tho  coofficiont  V/L^ 

-  tho  transfor  function  of  tho  vortical  aeeoloration  duo  to  tho  wind  anglo  of  attack  basad  on  tho  simplifiod  hoavo 
motion 

tho  output  powor  donsity  spoctrum  of  tho  vortical  occolorotion 

-  tho  output  powor  donsity  spoctrum  of  tho  vortical  flight'^path  doviation. 

Tho  last  picturo  domonstratos  tho  influonco  of  vortical  turbulonco  compononts  on  tho  aircraft  trajoctory.  In  tho 
high  froquoncy  domain  tho  influonco  of  tho  wind  anglo  of  attack  on  tho  trajoctory  is  nogllgiblo.  Tho  mass  inortia  of 
tho  aircraft,  tho  docroasing  intonsity  of  tho  turbulonco  and  tho  unstoady  lift  offocts  aro  alloviating  tho  amplitudo 
of  tho  flight-path  doviation.  For  low  froquoncios,  tho  wind  thoar  aroa  of  tho  spoctrum,  tho  flight-path  is 
inftuoncod  by  vortical  wind  disturbancos.  In  this  low  froquoncy  aroa  tho  aircraft  follows  tho  changing  wind  volocity 
and  altars  tho  flight-path.  Enorgy  is  transforod  botwoon  wind  and  aircraft  and  eausos  tho  aeeoloration  or 
docoloration  of  tho  aircraft,  in  tho  high  froquoncy  rango  of  tho  spoctrum  tho  inortia  of  tho  aircraft  avoids 
flight-path  deviations.  Tho  aircraft  aceolorations  aro  largo,  but  only  for  a  short  timo.  Tho  integral  of  those 
accolorations  is  small  and  tho  influonco  on  tho  flight-path  is  negligible. 

Tho  discussed  solution  was  calculated  for  tho  simplifiod  hoavo  motion.  Tho  aircraft  has  throe  dogroos  of  freedom 
in  tho  longitudinal  motion.  Especially  tho  pitch  motion  of  tho  aircraft  has  influence  on  the  behaviour.  Fig.  5  shows 
tho  transfor  function  of  tho  flight-path  doviation  for  tho  complete  longitudinal  motion.  Tho  oigonmotions  of  tho 
aircraft,  phugoid  and  short  period  motion,  aro  important  frqquonciss  for  tho  separation  of  offocts.  If  tho 
frequency  of  tho  wind  perturbation  is  loss  than  tho  phugoid  froquoncy,  tho  change  of  aircraft  trajoctory  is 
directly  porportional  to  tho  wind  anglo  of  attack.  That  moans,  low  froquoncy  wind  perturbations  directly  change 
aircraft  trajoctory.  If  tho  rango  of  frequency  is  above  tho  short  period  motion,  tho  inortia  of  tho  aircraft  avoids 
largo  changes  of  trajoctory. 

Based  on  this  knowledge,  tho  conclusion  is  that  only  largo  scale  wind  variations  have  an  important  offset  on  tho 
aircraft  trajoctory;  tho  influonco  of  high  froquoncy  turbulonco  it  negligible. 

Tho  influence  of  short  scale  perturbations  on  tho  aircraft  flying  qualities  is  discussed  for  example  in  ETKIN 
(1980),  ETKIN  (1961),  SCHANZER  (1985).  KAUFMANN  (1986). 


Tho  discussion  of  tho  influonco  of  gust  offocts  on  tho  aircraft  trajoctory  is  difficult.  As  demonstrated  in  chapter 
3.2.1,  tho  aircraft  reaction  duo  to  changes  in  tho  wind  angle  of  attack  depends  on  tho  froquoncy  of  tho 
perturbation.  In  case  of  gust  offocts,  this  froquoncy  can  have  a  wide  rango,  depending  on  tho  shape  of  tho  gust 
and  tho  relative  speed  of  encountering  it.  As  gust  offocts  aro  limited  in  the  geometric  dimensions,  tho  influonco 
on  aircraft  trajoctory  is  also  limited.  A  final  classification  of  tho  influonco  of  gust  offocts  is  not  posoiblo.  Tho 
main  effect  on  tho  trajoctory  is  not  tho  gust  itself  but  tho  initialised  oigonmotion  of  the  aircraft,  especially  the 
phugoid  and  tho  dutch  roll  motion.  But  with  a  pilot  in  tho  loop  or  an  activated  autopilot  system,  tho  perturbations 
aro  controlled. 


Tho  main  conclusion  of  those  considerations  is  that  only  tho  largo  scale  perturbations  should  bo  taken  into 
account  in  aircraft  trajoctory  estimations  and  calculations.  Atmospheric  turbulonco  and  gust  offocts  have 
important  influonco  on  tho  flying  qualities  of  aircrafts,  tho  pilots  workload  or  tho  design  of  gust  alleviation 
systems.  For  tho  aircraft  trajoctory  discussion  in  tho  following  chapters  it  is  permitted  to  neglect  tho  influonco 
of  those  short  scale  perturbations. 


Tho  most  important  physical  offocts  of  tho  wind  in  flight  become  clear  by  a  look  at  tho  aircraft's  energy  situation 
(KONIO  at  al.,  1980)  .  Tho  total  flight-path  energy  can  bo  dotorminod  by 


Ek  ■  ^  m  V*  ♦  m  g-H  ,  (20) 


whore  is  tho  flight-path  spood,  H  Is  tho  altitude,  g  tho  geographical  acceleration  and  m  the  aircraft  mass. 
Related  to  the  aircraft's  weight  W*m‘g  we  get  the  actual  energy  height  from  the  equation  above 


vS 

Hek  •  TJ  ♦  H 
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(2t) 


and  from  that  tha  timo  darivativo 


* 


Vk'Vk 

♦  H  , 


(22) 


known  aa  tho  total  flight-path  onorgy  rata  or  spacific  aacasa  powor  (SEP).  Tha  two  tarma  in  aq.  (22)  rapraaant 
tho  kinatic  and  tha  potantial  flight-path  anargy  rata. 

Fig.  6  ahowa  a  landing  approach  with  fiiad  controla  atarting  in  a  conatant  haadwind  dacraaaing  to  zaro  (tailwind 
ahoar).  It  can  ba  aaan,  that  tha  airapaad  doaa  not  dacraaaa  to  tha  aamo  axtant  aa  tha  headwind  duo  to  tha  alowly 
aalf-adjuating  flight-path  valocity.  Tha  phugoid  moda  ia  atimulatod  by  tha  rapid  wind  changa  which  laada  to  an 
oacillatory  axchanga  batwoon  tha  portion  of  tha  kinetic  and  tha  potantial  anargy  rata.  Largo  oicuraiona  of 
altitude  ariaa  avan  aftar  tha  aircraft  haa  laft  tha  ahoar  layer.  Tha  daviationt  are  not  acceptable  in  any 
circumatancaa.  From  Fig.  6  wa  can  gather  that  tho  total  energy  rata  ramaina  nearly  conatant  within  tha  ahoar 
layer  and  ahowa  only  amall  variationa  aftar  paaaing  that  area.  Tharafora  a  wind  ahoar  warning  ayatam  baaed 
axcluaivaly  on  tha  diaplay  of  tha  apacific  axcaaa  power  cannot  gWa  aufftetant  information  about  tha  wind  shear 
hazard  (KONIG  at  al..  1980). 

Another  anargy  definition  can  ba  made  uaing  tha  airapaad.  The  substitution  of  in  tha  aquations  (20  .21  ,22  )  by 
V  laada  to  tha  total  air  path  anargy  rata 


(23) 


This  aquation  normally  is  used  in  the  total  anargy  vertical  spaed  indicator  of  glider  planes.  Tha  result  of  eq.  (23  ) 
is  compared  with  aq.  (22  )  in  Fig.  7  .  It  can  ba  seen,  that  a  wind  shear  diaplay  based  on  tha  total  air  path  energy 
rata  ia  able  to  detect  tha  shear  situation.  Tha  required  total  energy  rates  HEKr»q  ^Ear*q  compensate  the 
wind  shear  are  also  plotted  in  Fig.  7  .  Note  that  the  difference  AHg  between  the  required  total  energy  rate  and 
tha  actual  total  anargy  rata  ia  quite  tha  same  and  independent  from  tha  reference  coordinate  system.  So  only 
regarding  tha  anargy  height  diffarancas.  there  ia  a  free  option  using  tha  airspeed  or  the  flight-path  speed  for  the 
anargy  definition. 

To  obtain  a  eomplata  componsation  of  tha  wind  ,  the  pilot  has  to  maintain  a  constant  airspeed  and  tha 

required  glide  slope  Tnom*  those  conditions  a  relation  can  ba  expanded  for  tha  calculation  of  tha  required 

changa  in  thrust  AT.  From  oq.  (3)  wa  got  aftar  linearisation  tha  non-dimensional  aquation  (KONIO,  1982) 


W 
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'  Tnom 


(24) 


In  tha  above  aquation  0^-  ia  tha  horizontal  wind  accataration,  Auwa  is  tha  horizontal  and  Aw^g  is  tha  vertical 
wind  diffaranc#  calculatao  by  tha  actual  wind  minus  tha  wind  whore  tna  computation  is  started  and  tha  aircraft  is 
trimmed.  If  there  is  no  variation  in  wind  tha  aircraft  will  continue  its  steady  flight  with  constant  thrust.  Tha 
required  thrust  variation  for  a  descending  flight  in  a  haadwind  shear  profile  ia  given  on  principle  in  Fig.  8  .  From 
aq.  (23)  it  ia  possible  to  calculate  tha  anargy  height  error 


AHc  •  Me  -  Henom  .  (25> 

representing  a  useful  criterion  for  tha  severity  of  tha  wind's  affect  on  tha  aircraft.  Tha  balance  of  power  for 
steady  flight  is  (HAHN.  1987) 

Vk  &T  .  W  AH.  i  0  .  (26) 

AT  la  the  difference  of  thrust  to  compensate  tha  difference  In  the  apacific  axcaas  power  AHe*8AHe/8t  caused  by 
the  change  in  wind.  An  increase  In  specific  excess  power  requires  a  reduction  of  thrust  to  maintain  steady  flight. 
The  fllght'*path  speed  along  the  path  a  ia 


With  the  equations  (26)  and  (27)  the  energy  height  error  becomes 

AH(  •  ■  (*«> 

tin  •quation  (24)  w.  gat  (SWOLINSKY,  1966); 


AH.  > 


Tnvm 


(29) 
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In  lh«  «bov«  •quAtion  only  tho  nominal  approach  apood  and  tho  nominal  flight-path  slope  is  noodod  to  dotr>''mins 
tho  onorgy  height  error  in  a  given  wind  field.  The  hazard  limit,  defined  by  the  maximum  allowable  energy  height 
less,  is  based  on  the  fact  that  the  aircraft  is  net  allowed  to  sink  below  a  specific  obstacle  surface  and  the 
airspeed  must  be  higher  than  the  stall  speed  (KONIQ.  1962;  HAHN.  1997): 


If  the  hazard  limit  defined  by  aq.  (30)  is  not  reached,  tho  aircraft  can  incroasa  its  height  at  the  expense  of 
airspeed  to  avoid  an  obstacle  contact.  On  the  other  hand,  an  impact  on  ground  can  happen  with  a  proper  airspeed 
even  if  the  energy  height  error  is  not  critical.  So,  another  important  safety  aspect  Is  the  flight-path  deviation. 


Wind  shear  causes  deviation  from  the  trimmed  aircraft  state  of  flight.  Due  to  the  aircraft's  inertia  the 
flight-path  spaed  is  nearly  constant  during  tho  first  encounter  of  wind  shear.  Therefore,  the  varying  wind 
changes  first  the  aerodynamic  flew  field  (airspeed,  angle  of  attack).  After  the  occurrence  of  an  airspeed 
difference  as  a  result  of  the  wind  shear,  the  static  stability  of  the  airplane  supported  by  the  pilot's  behaviour  to 
keep  the  airspeed  constant,  will  accelerate  (tailwind  shear)  respoctively  decelerate  (headwind  shear)  tho  aircraft 
ralativo  to  the  ground. 

From  Fig.  7  wo  can  gather,  that  tho  variation  of  the  apecific  excess  power  is 


AHek  *  0 


(31) 


With  sq.(22)  tho  doviation  of  the  vartical  speed  is 


AH 


which  results  in  a  height  error 


AH 


,  Vk  &Vk 


(32) 

(33) 


For  0  chonflin,  horizontm(  wind  componont  oq.  (6)  bocomot  with  w^^^sO  (bo,  also  Fig.  2) 

Vk  (34) 

So  if  tho  air.po.d  variation  ia  amall,  tha  maan  flight-path  daviation  cauaad  by  tha  wind 

W  a  *  VMf.’  j^"Klf.  (3S) 

directly  depends  on  the  amount  of  the  wind  difference. 

Some  typical  flight-paths  through  s  discrete  linear  shear  layer  are  given  in  Fig.  9  and  Fig.  10  .  In  the  case  of  a 
landing  in  a  headwind  shear  (Fig.  9  )  only  a  relatively  hermless  airspeed  deviation  appears  which  takes  the 
aircraft  above  the  glide  path.  This  §itu*iion  can  be  claeeified  as  uncriticel  because  a  go~»round  will  always  be 
possible.  The  approach  in  tailwind  shsar  produces  s  significant  deviation  from  the  initial  state  of  flight.  When  the 
aircraft  encounters  the  shear  layer,  its  flight-path  angle  becomes  steeper  ,  and  so  the  aircraft  is  self-inducing  a 
more  and  more  intensifying  wind  shear.  It  can  be  seen,  that  the  flight-path  deviation  in  the  sheer  layer  itself  is 
small.  The  greater  glide  path  deviation,  cautod  by  the  dynemic  reeponae  of  the  alrcreft,  appears  outsids  the 
sheer  layer. 

Ths  same  is  truo  for  tho  tsko-off  in  s  tailwind  shear  (Fig.  10).  But  there  is  an  important  diffarenca  between  the 
take-off  and  the  landing.  While  approaching,  tho  energy  height  error  can  be  compensated  by  thrust  control. 
Contrary  to  landing,  during  take-off  tho  aircraft  is  flying  near  its  msximum  psrformanco  espability.  Therafora, 
tho  compensation  of  tho  flight-path  deviation  it  attainable  only  by  shitting  kinetic  to  potential  energy.  But  at  least 
the  wind  sheer  will  lead  to  a  height  deficit  during  tho  tako-off  phase,  as  Mlustratod  in  Fig.  10. 

From  Fig.  8  we  gather,  that  a  tail-  or  headwind  shear  affects  tho  flight-path  oscillation  (phugoid)  in  a  different 
way.  Tha  influanca  of  horizontal  and  vertical  shear  gradients  on  the  phugoid  is  analyzed  by  KBAUSFE  11983).  A 
fundamonlal  rosult  of  this  invostigotion  was,  that  tho  oircroft  rosponss  in  wind  rhaar  it  nasriy  indapondant  of 
aircraft  charaetorlatics.  Tho  major  paramotora  of  inftuonco  ore  oirspood  and  lift  to  drag  ratio.  It  should  bo  notod, 
that  tho  oarth-fixod  wind  shoor  can  oatonsivoly  modify  tho  phugoid  stability  (Fig.  M).  Tho  flight-paths  in  wind 
fiolds  with  constant  shoor  can  bo  approiimatod  by  sfmpio  analytical  functions  iFig.  12),  when  ths  phugoid 
oigonvoluos  ore  known.  Tho  occuracy  of  tho  results  Is  very  acceptable  for  the  relevant  time  period  ef  20  seconds 
after  the  wind  ehear  encounter. 
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Th«  most  s4vors#  wind  situations  aro  producod  by  thundorstorms.  Thors  tho  disadvantagoous  combination  of 
downdraft  and  tailwind  shoar  can  bo  found  in  tho  coro  of  a  downburst.  But  It  can  bo  said,  that  tho  roasons  for  tho 
approach  accidonts  cannot  oxclusivoly  bo  found  in  tho  wind  fiold  of  tho  downburst*s  coro.  Tho  critical  situation 
rosuits  from  tho  fact,  that  tho  aircraft's  thrust  sotting  for  tho  approach  will  bo  dons  bofors  it  rsachos  tho 
downburst  CHAHN  .  1967).  Fig.  13  shows  tho  landing  in  a  downburst  basod  roughly  on  tho  conditions  of  tho  B727 
approach  accidont  in  Now  York  in  1975.  Tho  flight^path  with  fixod  aircraft  controls  (indicatod  by  a  dot-^dash  lino) 
is  vory  closo  to  that  of  tho  accidont  flight.  So  wo  can  assumo  that  tho  pilot  roactod  much  too  lato  and  not 
officiontly.  Somo  flights  aro  simulatod  passing  this  downburst.  An  actisatod  autopilot  IFig.  13  ,  dottod  linos)  trios 
to  position  tho  aircraft  on  tho  nominal  glido  path.  Tho  flight-path  doviation  is  small,  but  tho  onorgy  hoight  orror 
loads  to  significant  airspood  orrors.  Whan  tho  hasard  limit  is  roachod,  tho  airspood  is  vory  closo  to  tho  stall 
spood.  Tho  aircraft  doos  not  roach  tho  runway.  So,  ovon  if  tho  pilot  is  ablo  to  maintain  tho  nominal  glido  path,  tho 
hazard  limit  is  roachod.  A  comparison  of  tho  onorgy  hoight  orror  calculatod  by  tho  simpio  oquatlen  (29  )  with 
thoso  of  non-linoar  simulations  along  tho  individual  flight-paths  with  fixod  aircraft  controls  or  autopilot 
domonstratos  only  small  difforoncos.  So  it  can  bo  said,  that  oq.  (29  )  is  a  simpio  but  poworful  mothod  for  tho 
ostimation  of  tho  wind  offset  on  tho  aircraft's  onorgy  situation. 

With  Fig.  13  it  bocomos  also  cloar  that  a  oaf#  landing  will  only  bo  possiblo  with  an  additional  supply  of  onorgy  by 
thrust  control.  Fig.  14  illustratos  an  approach  in  tho  samo  downburst  with  a  conventional  modorn  automatic  flight 
control  systom  (autopilot  and  autothrottlo).  Airspood  and  flight-path  doviations  aro  acceptably  small.  Tho  thrust 
sotting  DF  (actual  thrust  rolatod  to  tho  maximum  thrust)  ad|ustod  by  tho  autothrottlo  novor  roachos  its  maximum. 
A  touch-down'on  tho  runway  will  bo  possiblo. 

Tho  accuracy  of  automatic  flight  control  systoms  can  bo  improvod  by  advanced  control  laws  under  consideration 
of  wind  affects  (STENGEL.  1986;  KONIQ,  1982).  Gonorally  it  can  bo  said,  that  during  landing  in  a  downburst  the 
flight  performance  is  normally  not  tho  limiting  factor.  Tho  problem  is.  that  in  a  manual  approach  tho  pilot  needs 
sufficient  information  about  tho  required  thrust  sotting  caused  by  tho  actual  wind  situation.  As  discussed  before, 
tho  total  onorgy  and  tho  rate  of  total  onorgy  defined  in  tho  airpath  fixod  coordinate  system  aro  tho  most 
important  parameters  for  a  perfect  detection  of  wind  effects  acting  on  the  aircraft.  So  these  parameters  can  be 
used  for  a  cockpit  display  concept.  The  total  energy  rate  can  bo  displayed  with  an  additional  pointer  in  tho  vortical 
speed  indicator,  and  tho  total  energy  error  may  bo  displayed  in  a  modified  "fast-slow-indicator’*  of  tho  flight 
director  display  (KONIG  at  al..  1980).  This  concept  has  bean  tested  in  a  moving  cockpit  simulator  by  a  joint  team 
of  Bodensee  Gorltetechnik  ,  Deutsche  Forschungs-  und  Vorsuchsanstalt  fUr  Luft-  und  Raumfahrt  (DFVLR)  and 
the  Technical  University  of  Braunschweig.  The  simulated  wide  body  aircraft  was  flown  by  fourteen  airline  pilots. 
With  the  display  of  energy  and  energy  rate  most  of  the  pilots,  ovon  those  of  loss  experience,  were  ablo  to  carry 
out  a  hard  but  safe  landing  or  to  initiate  a  go-around  as  shown  in  Fig.  IS  (SCHANZER,  1983).  The  research  on  this 
field  was  sponsored  by  tho  German  Ministry  of  Transportation  (BMV,  March  1983). 

As  mentioned  above,  the  aircraft  is  flying  near  its  maximum  performance  capability  during  take-off.  Therefore,  if 
tho  wind  gradients  in  a  downburst  are  strong  enough,  a  take-off  accidont  can  become  inevitable.  Fig.  1$  shows 
such  a  take-off  accident  of  a  6727  in  Denver  in  August  7th,  1975.  Tho  reconstructed  wind  gradients  aro 
uvum*0.03  s*^  and  (KRAUSPE,  1983).  Tho  simulation  is  done  with  fixed  controls  and  it  starts  at  a 

distance  of  5Kg8-350m  before  the  centre  of  tho  downburst  comparable  to  tho  Denver  accident.  Although  all 
engines  aro  running,  the  aircraft  is  not  ablo  to  climb.  Tho  onorgy  hoight  loss  increases  from  the  beginning  and  the 
aircraft  is  permanently  loosing  airspeed.  The  stall  speed  is  reached  shortly  before  crossing  the  hazard  limit.  The 
reconstructed  flight-path  of  the  Denver  accident  is  similar  to  tho  flight-path  with  fixod  aircraft  controls.  So  it 
can  be  assumed  again,  that  the  pilot's  inputs  are  not  very  efficient.  But  it  must  bo  realized,  that  a  take-off  under 
these  wind  conditions  can  be  assumed  as  impossible. 

Oownbursts  with  gradients  loss  than  those  of  the  above  Denver  accidont  can  bo  crossed  by  a  simple  escape 
manoeuvre  (HAHN,  1967).  As  gathered  from  Fig.  18  a  realistic  pilot  behaviour  in  downbursts  comes  closo  to 
simulations  with  fixod  aircraft  controls.  Such  a  simulation  carried  out  In  tho  Philadelphia  downburst  (June  23rd, 
1976;  uvux*0.02  s'^  and  Wws~0  )^5  illustrated  in  Fig.  17  .  Tho  take-off  climb  begins  at  a  distance  of 

5Xg8-1000m  before  tho  centre  of  the  downburst.  Airspeed  and  onorgy  hoight  error  aro  rapidly  decreasing  and  the 
hazard  limit  is  nearly  roachod  when  tho  aircraft  has  a  ground  Impact.  A  practicable  escape  manoeuvre  is  the  level 
flight  at  a  low  hoight  to  pass  the  coro  of  tho  downburst  before  starting  tho  climb  (Fig.  17).  Tho  main  important 
advantage  of  this  flight  procedure  results  from  tho  smaller  vorticol  wind  closo  to  tho  ground.  During  tho  climbing 
flight  with  fixod  controls  tho  downdraft  increases  with  height. 

In  principle  the  go-around  can  bo  assumed  as  a  combination  of  approach  and  take-off  climb.  By  taking  the  above 
discussed  rosuits  into  consideration,  tho  following  conclusions  can  bo  drawn:  Regarding  the  onorgy  situation  in 
most  of  tho  downbursts  approaching  is  possible  provided  that  tho  pilot  or  tho  automatic  flight  control  system 
reacts  in  tho  required  manner.  Initiating  tho  go-around,  tho  above  described  flight  level  procedure  is  to  prefer  for 
crossing  tho  coro  before  climbing  to  higher  altitudes. 


A-B  Lour  I— wi  lot 

Tho  low  level  jot  is  characterized  by  a  jot  like  wind  profile  with  low  altitude  wind  maxima  (Fig.  16).  In  somo  cases 
an  Intensive  variation  of  wind  direction  with  hoight  can  bo  observed  (see  SWOLINSKY,  1988).  Especially  tho 
nocturnal  low  level  jot  can  bo  assumed  as  a  phenomenon  of  far-reaching  horizontal  homogonity,  l.o.  wind  spood 
and  direction,  acting  on  an  aircraft,  aro  dependent  only  on  the  distance  of  the  aircraft  from  the  ground.  Passing  a 
low  level  jot  during  landing  approach,  an  onorgy  height  excess  is  building  up  in  tho  region  of  increasing  headwind, 
which  loads  to  positive  flight-path  deviations.  After  passing  the  windspoed  maximum,  the  decreasing  headwind 
produces  an  energy  deficit  and  leads  tho  actual  flight-path  beneath  tho  nominal  glido  path.  Fig.  19  and  Fig.  20 
show  these  offoets  for  a  simulatod  landing  approach  with  fixod  controls  roepoctivoly  for  manual  flight,  using  a 
flight  simulator.  Tho  model  parameters  of  the  wind  profile  have  boon  derived  from  measurements,  which  have  to 
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b*  a  werat  cat*  low  lavol  jot.  In  both  oaaoa  tho  flight-path  doviation  aro  almilar*  but  for  aimulation 

of  manual  approach  tho  pilot  tuccoodod  in  intorcopting  tho  aircraft  a  fow  motora  above  tho  ground.  Syatomatie 
invoatigationa  ahow,  that  tho  height  of  tho  maximum  headwind  and  the  headwind  difforonco  between  maximum 
wind  and  value  and  reference  wind  apeed  near  the  ground  (e.g.  H^^f^lOm)  are  tho  moat  influential  paramotera. 
Flight  path  deviationa,  reapectively,  aircraft  haxard  are  inereaaing  with  fncreaaing  headwind  difference  in 
connection  with  decreeaing  height  of  the  maximum  headwind. 


The  wind  flew,  oapeclally  in  the  lower  boundary  layer,  ia  influenced  by  the  orographic  ahape  of  the  aurface  (Hahn 
et  al.,  i999},  aa  it  can  be  aeen  in  Fig.  21.  The  figure  ahowa  the  atreamlinea  of  a  wind  flow  ever  a  flat  hill.  The 
main  effects  cauaed  by  the  disturbance  of  the  flew  field  are  an  updraft  at  the  windward-side  and  a  downdraft  at 
the  lee-aide  of  the  hill.  Further  It  can  be  seen  that  the  atreamlinea  are  not  exactly  parallel  to  the  surface 
contour.  The  hill  causes  a  centractlen  of  the  atreamlinea  at  the  top  of  tho  hill,  which  loads  to  an  increase  in  the 
wind  apeed  according  to  the  law  of  continuity. 

In  the  case  of  higher  wind  speeds,  the  occurence  of  flew  aeperatien  depending  on  tho  hill  slopes  on  tho  luv-  and 
lee-sido  ia  possible  (MERONEY,  1979).  This  may  lead  to  a  vortex  flew  in  the  lee  of  tho  hill  with  additional,  partly 
strong  up-  and  downwinda  as  it  is  illustrated  in  Fig.  22  (EICHENBERQER.  1ft62). 

8aaed  on  the  above  mentioned  phenomena,  a  wind  model  was  developed  to  investigate  the  influence  of  the  hill  flow 
on  the  take-off  flight-path  of  a  starting  aircraft  by  simulation  MAHN,  Ibftd).  Aa  a  result,  Fig.  23  shows  tho 
aimulatod  net  path  of  a  take-off  climb  of  a  two-engine  aircraft  under  the  condition  of  an  engine  failure  during  tho 
start,  together  with  the  calculated  wind  along  the  flight-path  (wind  model  without  vortex  flow).  Compared  with  a 
take-off  in  the  boundary  layer,  without  tho  Influence  of  the  hill  (broken  tine),  tho  docraaao  of  the  flight-path  angle 
can  bo  aeen;  resulting  in  a  less  of  height  about  40  meters  at  the  top  of  tho  hill.  The  difforonco  between  the  two 
flight-paths  is  a  degree  for  the  influence  of  the  hill  flew.  In  this  case  the  net  flight-path  does  not  roach  tho 
minimum  height  of  10.7  m  above  the  highest  obstacle. 

By  order  of  the  Bundeaminiatorium  f(ir  Verkehr,  about  40  teat  flights  were  carried  out  measuring  the  wind  flow  in 
the  loo  of  a  flat  hill  (Woidacher  »a)  near  Stuttgart  airport  to  invoatigate  tho  influence  of  tho  moaaurad  wind 
speeds  on  the  trajectory  of  a  atati  aircraft  by  aimulation  (SCHANZER  et  al.,  1967).  Aa  an  example,  a  typical 
measurement  flight-path  together  with  the  heriaental  and  vortical  velocities  along  the  flight-path  ia  proaentod  in 
Fig.  24.  To  get  the  meat  realistic  results  with  the  aimulation,  the  measurement  flight-path  had  to  be  near  the 
expected  simulation  flight-path. 

The  analysis  of  the  measured  data  ahovirs  large  varieties  in  the  wind  apeed  courses  aa  wall  as  in  tho  moan  wind 
velocities.  Tho  flew  of  the  horixontai  wind  component  partly  confirms  the  theory  of  tho  developed  wind  models 
with  increasing  headwind  speed  to  tho  top  of  the  hill.  In  some  other  cases  a  nsarly  constant  wind  course  or  even 
a  decrease  in  headwind  can  bo  noticed.  These  unexpected  phenomena  can  net  be  explained  yet. 

Another  estimation  of  the  influence  of  the  hill  can  be  reatixod  by  comparing  the  mean  horixontai  wind  speed  in  the 
lee  of  the  hill  and  the  mean  wind  speed  in  the  undisturbed  flow.  For  this  comparison,  the  reported  wind  (a 
horixontai  reference  wind)  measured  at  the  Stuttgart  airport  was  chosen,  which  additionally  is  the  basis  for  the 
calculation  of  the  allowed  take-off  weight. 

In  most  cases  (about  BOX)  an  increase  of  the  wind  speed  in  tho  lee  of  the  hill  can  bo  noticed  (SCHANZER  et  al., 
1987).  The  vertical  wind  speed  courses  show,  in  almost  all  casos,  tho  above  mentioned  downdraft  in  tho  loo  of  the 
hill.  The  measured  downwind  speeds  with  mean  wind  speed  values  of  up  to  0.6  m/s  aro  greater  than  the  expected 
values  received  from  the  wind  model. 

As  a  special  phenomenon  a  vortex  flow  In  the  fee  of  tho  hill  was  found,  which  can  be  seen  in  Fig.  25  (HEINT5CH, 
1967).  Detailed  investigations  of  tho  hill  characteristics  (SCHANZER  at  al.,  1967),  however,  lead  to  tho  conlusion 
that  a  flow  separation  is  not  probable  in  this  case  so  that  the  vortex  flow  is  not  a  constant,  but  a  temporary 
phenomenon. 

With  regard  to  the  measured  wind  data  the  simulations  wore  carried  out  for  a  start  of  a  two  engine-aircraft  with 
an  engine  failure  during  the  start.  Tho  determination  of  the  aircraft's  maximum  allowable  take-off  weight  to 
reach  a  minimum  net  height  of  10.7  m  above  the  highest  obstacle  in  the  start  sector  was  performed  according  to 
tho  flight  manual  of  tho  investigated  aircraft.  In  tho  calculation  half  tho  reported  wind  is  taken  into  account.  The 
influence  of  the  wind  on  the  aircraft  motion  can  be  seen  directly  in  the  simulation  results  comparing  the  simulated 
flight-path  (measured  wind  data)  with  the  cross  reference  flight-path  (half  the  reported  wind).  A  typical 
simulated  case  is  presented  in  Fig.  26.  Tho  differences  between  tho  simulated  and  the  reference  flight-path 
corrospond  to  tho  difforences  between  the  actual  wind  situation  and  the  roforonco  reported  wind. 

A  statistical  analysis  of  the  simulation  results  showed  that  in  most  cases  a  more  or  loss  clear  loss  of  height  of 
the  simulated  flight-path  with  respect  to  the  reference  flight-path  con  bo  noticed  caused  by  the  downdraft  as 
well  as  by  changes  in  tho  horixontai  wind  velocities  (horixontai  wind  shear),  )n  Fig.  27  the  frequency  of  the  height 
above  the  obstacle  (see  Fig.  261  la  presented.  The  values  very  in  a  range  from  2m  up  to  60m.  In  55X  of  tho  40 
investigated  cases  the  cress  reference  height  of  3Sm  according  to  the  net  height  of  10.7m,  which  can  be  seen  as 
the  minimum  limit  for  a  sure  take-off,  was  not  reached  (SCHANZER  et  al.,  1967). 


Wlii4  •iMar  MCktonts  during  lindlng  and  appraach  could  gonarally  bo  avoidod  by  uaing  medorn  flight  control 
ayatomo.  Tho  proMom  ia  to  Inform  tho  pilot  an  adoguato  wind  ahoar  warning  diapiay*  that  ho  can  undoratand 
tho  reaction  of  tho  control  oyatom.  Wind  ahoar  la  particularly  dangoroua  if  it  occura  in  a  height  of  approilmatoly 
60m  '  t20m.  whore  tho  attention  of  tho  cockpit  crow  la  alfoctod  by  getting  view  contact  to  tho  ground.  Wind 
ahoar  during  tako*off  and  go-around  la  a  pure  flight  porformanco  problem.  Pllota  aheuld  avoid  a  tafco-off  into 
a  thundoratorm .  In  modorato  downburata  a  practicable  oacapo  manaouvro  la  to  maintain  tho  flight  lovol  at  a  low 
height  to  paaa  tho  core  of  tho  downburat  before  atarting  tho  climb.  Thla  procoduro  can  alao  bo  applied  on  tho 
go'oround. 
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(KONIG  al  al..<980) 


Fig.  7  Comgarlaon  of  tha  agactfic  tHght'path  (H|k>  and  air-path  anargy  rata 
In  a  lalhaind  ahaar  (KONM,  1982) 


Fig.  9  Landing  approachaa  with  controls  fixod  in  a  haadwind  raspactivaly 
tailwind  ahaar  (KONIQ  at  al.,  1900) 


Controls  fixed 


Fig.  10  Taka-off  flight-path  with  contrala  flaad  In  a  tailwind  ahaar 
(KONIQ  at  al..  1990) 
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Bg.  11  Eig«nv«iu«t  of  tho  phugoid  mod*  mb  m 
function  of  a  constant  vortical 
wind  mhaar  gradiant  tKAAUSPE.  1d83) 


Fig.  12  FligM-pith  of  an  aircraft  with  fisad 
controls  in  a  constant  vortical 
wind  shaar  gradiant  IKRAUSPE,  1983) 
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Fig.  14  Lending  in  •  downbgrtt  with  eutomatir  controlt  (HAHN,  1967) 


•)  less  experienced  airline  pilot 
t)  experienced  alrl ine  pilot 


Fig.  1$  Flight  •imuUtor  approechei  in  wind  shaar  conditions  with 
airfina  pilots  (SCHANZER.  1903) 
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Fig,  16  Take-off  in  the  core  of  a  downburat 
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Fig.  17  Eecepo  meneeuvro  in  e  dewnburol  (HAHN,  1987) 
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/ORCRAIT  FLIGHT  IN  W1ND>SH£AR 

by 

D.McLean 

Westland  Professor  of  Aeronautics 
University  of  Southampton 
United  Kingdom 

SUMMARY 

A  brief  account  of  wind-shear  and  some  representations  is  given  before  discussing  the  effects  of  wind-shear  on  aircraft 
motion.  A  procedure  for  estimating  the  vertical  and  horizontal  velocity  components  of  a  wind-shear  microburst,  based 
on  observer  theory  is  devel<^>ed,  and  a  brief  discussion  of  flying  in  wind-shear  concludes  the  paper. 

INTRODUCTION 

The  value  of  any  aircraft  to  its  user  depends  upon  how  effectively  it  can  be  made  to  proceed  in  the  time  allowed  on  a 
precisely-controllable  path  between  its  point  of  departure  and  its  intended  destination.  Deviation  from  the  reguired 
path  can  be  caused  by  any  form  of  disturbance.  There  is  particular  concern  with  atmosptieric  disturbances  because 
their  forms  and  times  of  occurrence  are  both  random  and,  therefore,  difficult  to  predict  so  that  they  may  be 
effectively  countered.  One  form  of  atmospheric  disturbance  which  is  particularly  dangerous  is  the  wind-shear,  a 
change  in  the  wind's  vector  in  a  very  short  period  of  time. 

The  air  through  which  an  aircraft  flies  is  never  still.  As  a  consequence,  whenever  an  aircraft  flies  in  this  disturbed  air, 
its  motion  is  erratic.  The  nature  of  those  disturbances  to  the  air  is  influenced  by  a  number  of  factors,  but  it  is 
customary  to  consider  turbulence,  which  occurs  above  that  region  of  space  where  the  atmosphere  behaves  as  a 
boundary  layer,  as  belongir^  to  either  of  these  classes: 

a.  convective  turbulence,  which  occurs  in  and  around  clouds.  This  class  includes  thunderstorms  particularly. 

b.  clear  air  turbulence  (CAT).  Below  the  cloudbase,  direct  convection  heats  the  air  and  causes  motion  which, 
together  with  the  many  small  eddies  arising  as  a  result  of  surface  heating,  are  often  regarded  as  mild  CAT. 
Above  a  cluster  of  cumulus  clouds  a  regular,  short  broken  motion  can  persist,  particularly  when  the  change  in 
the  velocity  with  height  is  lai^e.  More  virulent  C.A.T.  Is  usually  to  be  found  near  mountains.  And,  depending 
upon  the  meteorological  conditions,  flights  near  the  tropopause  can  often  be  turbulent.  The  most  virulent 
turbulence  of  all,  however,  is  caused  by  thunderstorms  and  squall  lines,  especially  when  the  same  area  is 
simultaneously  being  subjected  to  rain,  hail,  sleet,  or  snow. 

Another  violent  atmospheric  phenomenon,  which  can  be  enountered  In  flight,  is  the  mlcroburst,  a  severe  downburst  of 
air.  Mlcr^rsts  are  associated  with  considerable  changes  in  the  direction  and/or  velocity  of  the  wind  as  the  height 
changes.  They  exist  for  only  very  brief  periods.  Such  severe  changes  in  the  nature  of  the  wind  over  restricted  ranges 
of  height  are  oauaed  by  convection  and  they  are  often  referred  to  et  "wlnd-ahears".  Rising,  or  felling,  columns  of  sir, 
ringed  by  toroids  of  extreme  vortlcity,  are  produced  by  the  convection  end  It  is  this  phenomenon  which  is  called  the 
mioroburat.  A  fuller  account  is  presented  below. 

Because  the  mechanlsau  of  turbulence  arc  so  varied  and  involved.  It  has  been  found  that  the  only  effective  methods  of 
analyitnf  dynamic  problcma  In  which  turbulence  la  involved  arc  atatlaticai  methods.  However,  large  gusts,  which  are 
reasonably  wall  daflncd  by  a  particular  deterministic  function,  do  occur,  but  at  random  times.  To  aaaess  the  effect  an 
aircraft  cneountaring  such  guata,  it  to  common  practice  to  employ  e  discreate  gust  as  a  testing  function.  Even  though 
its  time  of  occurence  may  be  random,  a  wind-shear,  once  It  has  occurred,  can  be  effectively  regarded,  as  a 
detarmintotic  phenomenon.  Models  of  wind-Miaar  arc  not  entirely  deacrlptlva  of  the  phcno.icnoft  which  they  arc  meant 
to  represent,  but  they  can  represant  the  significant  charactariattes  sufficiently  well  to  permit  an  analysis  to  be  carried 
out  with  adequate  accuracy  for  cngloccrlnf  purpoacs. 

WIND8HBAR  AND  MICROBUR8T8 

It  haa  bean  indicated  earlier  that  wind-ahaar  to  a  change  in  the  wind  vector  in  a  relatively  abort  amount  of  apace.  One 
of  the  coneequencea  of  such  an  atmospheric  phenomenon  to  e  rapid  change  in  the  airflow  over  the  eerodynamic  surfaces 
of  an  aircraft. 
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Such  rapkl  changes  of  airflow  can  be  hazardous,  particularly  to  aircraft  flying  at  low  altitudes  and  at  low  speeds.  It  Is 
a  particularly  difficult  phenomenon  to  detect,  since  the  effects  of  wind-shear  are  transitory,  and  its  nature  and 
occurrence  are  random.  The  form  of  wind-shear  which  is  of  particular  concern  is  the  microburst,  in  which  a  large  mass 
of  air  is  propelled  downwards  in  a  jet  from  some  convective  cloud  system,  or,  perhaps,  from  a  rapid  build-up  of  small 
weather  cells. 

A  physical  account  of  how  such  a  microburst  forms,  acts,  and  decays  is  given  in  ref  (1).  Thunderstorms,  being  hi^y 
variable  and  dynamic  atmospheric  occurrences,  translate  rapidly  across  the  ground.  As  they  trave4  they  grow  and  then 
decay.  A  thunderstorm  results  from  the  rapid  growth  and  ezpansicm  In  the  vertical  of  a  cumulus  cloud.  In  its  initial 
stages,  such  a  storm  comprises  an  updraft  of  warm,  moist  air,  with  a  velocity  as  great  as  l$m/s.  In  the  updraft, 
moisture  droplets  are  lifted  up  until  the  temperature  of  the  atmosphere  causes  freezing  to  occur.  These  droplets  next 
grow  into  super-cooled  raindrops.  However,  the  size  of  thse  raindrops  is  soon  too  large  to  be  supported  by  the  updraft, 
at  which  stage  they  fall,  dragging  air  with  them,  which  produces  a  strong  downdraft.  This  stage  is  the  most  mature 
stage  of  any  storm.  The  downdraft  is  atrengtheoed  by  drier  outskle  air  becoming  entrained,  and  then  cooled,  as  the 
raindrops  evaporate.  This  reinforcing  of  the  downdraft  causes  both  the  wind  to  become  stronger  and  also  sudden,  heavy 
precipitation,  typified  by  a  sudden  downpour.  As  the  thunderstorm  abates,  the  downdraft  becomes  even  more  extensive 
and  cuts  off  the  downdraft  from  its  inflow  of  warm,  moist  air.  As  a  result,  the  storm  begins  to  subside,  the 
precipitation  to  lessen  and  then  stop,  and,  soon  after,  the  cl<Hids  begin  to  disperse.  In  the  area  separating  the  inflow 
and  outflow,  which  is  usually  called  the  gust  front,  and  which  can  extend  for  20km,  wind-shear  may  occur  at  low 
altitudes. 

Since  aircraft  do  not  normally  have  sufficient  specific  excess  power  to  counter  the  force  of  such  a  downwardly- 
propelled  air  mass,  the  microburst  is  particularly  dangerous.  In  such  an  atmospheric  condition,  within  a  period  of  one 
minute  or  less,  an  aircraft  can  be  subjected  to,  say,  a  headwind,  followed  by  a  downdraft,  and  then  succeeded  by  a  tail¬ 
wind.  There  has  been  observed  In  the  performance  of  pilots  flying  In  such  conditions  a  consistent  pattern  of  response; 
when  an  updraft  is  first  experienced,  the  pilot  towers  the  nose  of  the  aircraft  and  reduces  thrust.  Then  follows  a 
headwind,  with  a  consequent  increase  in  the  airspeed  of  the  aircraft,  causing  the  pilot  to  further  reduce  thrust.  Prom 
the  microburst,  there  la  next  experienced  a  strong,  downdraft  and  tailwind,  but  the  pilot's  actions,  already  taken,  have 
set  the  scene  for  further  difficulty,  since  the  thrust  has  been  reduced  and  the  nose  lowered.  In  general,  the 
performance  of  untrained  pilots  in  wind-shear  situations  is  rarely  adequate,  manifesting  itself  (usually),  in  a  failure  to 
maintain  the  appropriate  airspeed  and  the  correct  flight  path. 

Notwithstanding  the  evident  importance  for  flight  safety  of  the  phenomenon  of  wind-shear,  standard  representations 
for  use  in  analytical  studies  are  unsatisfactory,  although  ProatC^)  has  recently  provided  a  number  of  new  models  for 
consideration.  Two  important  vortex  models  (S,  4)  have  also  been  suggested.  Yet,  there  are  but  two  official  forms,  one 
defined  by  the  PAA,  and  the  other  by  the  AEB  in  the  U.K.  Both  are  represented  in  Figure  1.  The  ARB  profile  is  log- 
linear  and,  at  the  lower  heights,  its  gradient  becomes  progressively  steeper  than  that  of  the  PAA  profile.  In  Figure  1 
Vw  represents  the  wind  velocity;  Vk  is  a  reference  velocity,  taken  as  the  velocity  of  the  wind  measured  at  a  reference 
height  of  25ft  (7.6m).  Neither  profile  la  adequate  for  studying  the  microburst  situation.  The  problem  of  how  to 
adequately  represent  such  a  situation  remains  unsolved. 

In  any  wind-shear  encounter  H  is  the  phugoid  mode,  the  slow  period  response  of  the  aircraft,  which  is  most  important 
because  ft  depends  upon  the  interchange  between  the  kinetic  and  the  potential  energy  of  the  aircraft  in  the  vertical 
plane.  It  Is  known  that  the  phugoid  mode  is  usually  osclilat<M7  and  very  lightly  damped.  In  some  cases  it  can  be 
unstable.  Significantly,  the  time  Involved  In  a  microburst  encounter  is  often  about  the  same  as  the  period  of  the 
phugoid  mode,  thereby  making  poasible  a  resonant  response,  in  which  the  interchange  energy  is  amplified.  Such 
amplification  leads  to  a  greater  deviation  from  the  intended  flight  path  than  would  have  occurred  with  a  well-damped 
mode. 

One  form  of  representation  of  wind-shear(*),  which  takes  these  facts  Into  account,  is  represented  In  Figure  2.  it  must 
be  "tuned"  to  accord  with  the  flying  characteristics  of  the  aircraft  being  studied.  In  Figure  2,  the  square  wave 
oacillatlon  represents  a  head/tallwlnd  combination:  at  the  mkS-poInt  of  the  square  wave,  a  (1-coa)  downdraft  Is 
introduced.  The  period  of  the  square  wave  is  adjusted  to  be  the  same  as  the  period  ox  the  phugoid  motion  of  the 
aircraft  being  investigated.  Although  the  profile  in  Figure  2  has  been  presented  as  a  function  of  time,  it  is  intended  to 
reprasant  a  physical  phenomenon  in  which  the  velocity  changes  with  height.  There  is  an  Implicit  assumption  that  during 
the  period  of  the  wind-shear  encounter  the  aircraft  will  be  climbing  or  landing,  i.e.  changing  Its  height. 
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Another  method  of  representation  is  to  use  any  record  of  a  wind-shear  which  may  have  been  obtained,  either  from 
meteorological  studies  or  from  fiight  records.  A  number  of  records  are  now  available;  the  most  celebrated  was 
obtained  from  a  reconstruc  .ion  of  the  available  data  relating  to  the  disastrous  crash  of  a  Boeing  727  which  occurred  on 
24th  June  197S  at  J  P  Kennedy  Airport,  New  York,  U.S.A.  The  reconstructed  data  is  shown  in  Figure  3,  together  with 
the  aircraft  trajectory.  00  seconds  (2006  GMT)  denotes  the  time  when  the  aircraft  reached  the  outburst  centre.  Note 
how  the  characteristic  "ballooning"  of  the  aircraft's  path  started  IS  seconds  before  this  point,  and  how  some  11.5 
seconds  after  its  occurrence  the  severe  downdraft  caused  the  aircraft  to  crash  some  2000  feet  (600m)  short  of  the 
runway.  Resolution  of  this  wind-shear  into  vertical  and  horizontal  components  results  in  the  profiles  for  ug  and  wg 
shown  in  Figure  4.  These  can  be  used,  with  appropriate  amplitude  sealing,  in  wind-shear  studies. 

EFFECT  OF  WIND-SHEAR  ON  AIRCRAFT  MOTION 

The  small  perturbation  motion  of  an  aircraft  affected  by  an  atmospheric  disturbance  can  be  represented  by  the  vector 
differential  equatiom- 


where  and  d,<R'. 


*  55  A*  +  Bo  +  Rd 

i 


(1) 


The  coefficient  matrix.  A,  is  of  order  n  x  n;  the  control  driving  matrix,  B,  is  of  order  n  x  m,  and  the  disturbance  driving 
matrix,  £,  is  of  order  n  x  6. 

Such  equations  as  eq.  (1)  are  habitually  used  in  studies  concerned  with  flight  control  systems.  But  the  small 
perturbation  ap(M«ach  is  generally  only  justified  when  the  wind  field  is  uniform(6).  For  a  non-uniform  wind  field  there 
is  normally  a  continuously  changing  equilibrium  fli^t  condition  (about  which  the  small  perturbation  motion  is  supposed 
to  occur)  which  manifests  itself  physically  in  there  being  observable  changes  In  the  equilibrium  flight  path  angle,  lift, 
and  aide  forces  with  time.  However,  consideration  of  the  hazardous  flight  problem  indicates  that  the  primary  effect  of 
wind-shear  relates  to  longitudinal  motion,  particularly  in  the  low-speed  regimes  of  landing  or  take-off,  so  that  these 
time-varying  changes  In  y*  L  And  Y  can  be  neglected  as  a  first  approximation.  Consequently,  eq.  (1)  can  be  taken  as  a 
reasonable  representation.  Since  is  unknown  it  would  be  useful  to  measure  it  accurately  in  flight  so  that  the  pilot, 
or  a  control  system,  could  generate  a  suitable  control  input,  u,  to  counter  its  effects.  One  method  of  obtaining,  dgt  is 
to  use  an  observer.  If  the  control  action,  u,  is  taken  as  inappropriate,  for  example,  a  pilot  continues  to  fly  the  aircraft 
in  an  appropriate  way  for  a  normal  landing,  without  allowing  for  the  effects  of  wind-shear,  then  the  aircraft's 
trajectory  is  normally  represented  by  the  "ballooning"  curve  shown  in  Figure  4,  with  its  attendant  disaster  at  ground 
contact.  It  is  evidently  necessary  to  provide  a  good  estimate  of  d^,  the  vector  whose  elements  are  the  velocity 
components  of  the  wind-shear.  It  has  been  pointed  out  in  the  Introduction  to  this  paper  that  once  it  has  occurred  a 
wind-shear  can  be  effectively  regarded  as  a  deterministic  phenomenon,  and  consequently  it  can  be  reconstructed  from 
a  knowledge  of  the  output  vector  of  the  aircraft,  composed  of  a  few  of  the  state  variables  representing  the  aircraft's 
motion,  and  of  the  control  inputs  if  they  are  being  applied.  The  most  convenient  form  of  reconstruction  is  a 
Luenberger  observer.  A  number  of  algorithms  are  available  to  permit  such  a  design,  but  one  method  which  provides  a 
convenient  technique  is  to  design  an  observer  making  use  of  linear  optimal  control  theory. 


OPTIMAL  OBSERVER 


Suppose  that  the  dynamics  of  some  aircraft  are  defined  by  state  and  output  equations  viz. 

M  -  An  +  Hv 

,  =  CK  (3) 

It  is  intended  to  design  an  observer  to  provide  an  estimated  state  vector,  X|,-,  which  will  be  close  to  the  original  state 
vector,  X,  but  requires  as  its  Inputs  only  the  control  vector,  u,  and  another  vector,  w,  which  is  related  to  the  output 
vector,  y,  of  the  aircraft  i.e. 

Mg  =  Fng  +  Gu  +  w  (^) 

The  forcing  vector,  w,  is  choaen  to  be 


where 


w*#r(y-y^l 

,4c. 


I,  =  W  -  KOm,  +  0»  +  KC. 


Therefore, 


(7) 


7-4 


However,  from  eq.  (2), 
end  if 


fiu  =  e  —  As 


G^B 


then 


i.e. 


=  (f  -  KOSj  +  s  -  <A-/COs 
x-l^  =  (A  -XOs  -  (F  -  KCiXg 


(8) 

(9) 

(10) 

(11) 


By  choosing  the  coefficient  matrix,  F,  of  the  observer  to  be  identical  to  that  of  the  aircraft  namely 

(12) 


and  by  defining  any  difference  between  the  actual  state  estimated  and  vector  as  an  error  vector,  e,  it  can  easily  be 
shown  that 


S={A-KOe  (12) 

Provided  that  .\(A-FO  <  0  then,  as  i  tends  to  infinity,  the  error  vector,  e,  will  tend  to  zero  and  the  observer's  vector, 
xe,  will  correspond  to  the  state  vector,  x,  of  the  aircraft.  To  secure  this  desirable  condition  requires  only  that  the 
matrix,  F,  be  determined. 

As  a  first  step,  iet  K  be  chosen  to  be  a  stabilizing  matrix.  Imagine  that  the  observer  dynamics  are  defined  by  eq.  (13) 
rather  than  eq.  (4),  that  Is  to  say,  that 


X-  =  Fx_  +  Gu  +  Ay 


Letting  B  (as  before)  results  in 

If  F  is  chosen  to  be  (A-KOt  4nd 


then 

e  =  (A—AOe  s  De 

Suppose  that  we  have  a  system  defined  by  an  equation 


(13) 


(14) 

(15) 

(16) 


then  if  we  chose  as  a  performance  index 


e  =  Me  +  Afv 


(17) 


J  =  t  I  (e’Qe  +  vTJulrfr 
lo 

then  minimizing  eq.  (18)  subject  to  eq.  (17)  will  result  in  a  control  law 


Hence 

If  it  can  be  arranged  that 


e  = 


K{A-Ka=  k{M*NH)  =  kiO) 

then  the  optimal  closed  loop  observer  will  be  the  required  observer  provided  that 


(18) 


(19) 

(20) 


(21) 


itf  =  A 

V  =  C  (22) 

andir=  -K 

A  block  diagram  representing  the  optimal  closed-loop  observer  is  shown  In  Figure  S. 

The  optimal  criMerver  provides  an  estimate,  xg,  of  the  state  vecton  what  is  wanted  Is  the  wind-shear  vector,  d^. 
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However,  if  a  "model"  equation  is  constructed  with  the  following:  dynamics 

z  =5  Dz_  +  Bu  +  /fy 

ns  ' 


then 


Iz.  —  z  i  =  Ed 

(24) 

mm-  M 

If  eq.  (1)  was  re-written  in  its  elemental  form  it  Is  evident  from  eq.  (24)  that 

U-  —  u  =  —X  u  —  Xw  w 

(25) 

K  m  It  g  mg 

uf  —  uj  =  Z  u  —  Z  IV 

(26) 

It  can  easily  be  shown  that: 

E  m  u  g  mg 

^  *  •  * 

X  (u»--w  )~IX  Z  -Z  Z  )u 

(27) 

w  E  m  w  E  m  u  w  u  m  g 

•  •  •  * 

Z  iup  —  u  )  —  Y  (w^  —  w  )  —  {X  Z  —  Z  Z  \w 

u  S  m  u  E  oi  ititf  M  m  g 

(28) 

Equations  (27)  and  (28)  can  be  very  easily  synthesized  and  a  suitable  block  diagram  representation  is  shown  as  Figure  6. 
In  that  figure  the  output  signals  have  been  denoted  as  0^  and  Wg  which  are  identically  equal  to  ug  and  wg,  the  required 
wind-shear  components,  when  the  values  of  the  stability  derivatives  used  in  the  synthesis  viz  2^,  x^,  are  exact; 

otherwise  8^  and  Wg  are  subject  to  error. 

The  effectiveness  of  the  estimation  scheme  can  be  judged  from  Figure  7,  in  which  are  shown  the  estimated  horizontal 
and  vertical  components  obtained  from  the  simulation  of  a  Jetstar  aircraft  landing  when  encountering  the  JFK  wind- 
shear  of  Figure  3. 

FLYING  IN  WIND-SHEAR 

A  number  of  operational  techniques  have  been  recommended(‘^)  for  flying  in  hazardous  wind-shear  conditions.  For 
example,  it  Is  considered  by  some  that  pitots  should  allow  the  airspeed  to  fall  to  stick  shaker  speed  while  gaining  height 
by  pitching  up,  although  the  Airworthiness  and  Performance  Committee  of  the  ALFA  considers  that  it  is  best  to 
achieve  the  speed  for  best  angle  of  climb  i.e.  minimum  drag  speed,  it  is  the  view  of  that  committee  that  sacrificing  ail 
the  available  energy  of  the  aircraft  down  to  stick  shaker  speed  while  increasing  at  the  same  time  the  aircraft's  drag 
(thereby  reducing  the  aircraft's  climb  capability)  Is  unsafe.  Whatever  technique  is  adopted  requires  a  recognition  on 
the  part  of  the  pilot  that  he  is  countering  the  effects  of  a  wind-shear.  The  provision  of  an  airborne  detection  system  is 
advantageous  for  a  number  of  reasons,  including  the  fact  that  the  aircraft  does  not  depend  on  any  ground-based  system 
at  each  airport.  With  such  a  system  the  pilot  can  monitor  quantitatively  how  the  longitudinal  and  vertical  components 
of  the  wind-shear  are  changing,  and  with  that  indication,  even  if  it  gives  only  a  few  seconds  warning,  will  allow  a  pilot 
to  attempt  to  bank  away  or  to  go  around. 

The  technique  proposed  in  this  paper  avoids  the  need  for  an  accurate  measurement  of  ground  speed  and  is  particularly 
suitable  for  general  aviation  aircraft,  such  as  business  jets.  It  will  provide  an  indication  on  the  runway  if  a  wind-shear 
is  present  If  the  aircraft  is  in  motion,  but  the  accuracy  of  the  estimation  is  not  as  great.  Nevertheless,  in  common  with 
any  measurement  system,  it  has  a  disadvantage  that  In  providing  a  measurement  the  aircraft  must  have  entered  the 
v(nd-ahear  field.  The  use  of  automatic  feedback  control  systems  using  the  estimated  wind-shear  components  to 
acnieve  a  proper  automatic  recovery  is  feaslblel^)  in  some  situations,  but  in  low  speed  regimes  the  need  to  avoid  stall 
would  make  the  design  of  such  control  systems  difficult  and,  since  wind-shear  encounters  are  likely  to  be  rare,  not 
economically  attractive. 
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HOW  TO  FLY  WINDSHEAR 


by 


Paul  Camus  —  Group  Manager  Flight  Controls 
Airbus  Industrie 
1  rond'potnt  M.Beilonte 
3 1 707  Blagnac  Cedex 
France 


Aviation  safety  history  is  a  long  fight  against  severe  environmental  constraint. 
Modern  aircraft  are  able  to  face  safely  most  of  them  but  one  still  remain  a  potential 
killer,  that  is  vdiat  is  generally  described  as  a  vdndshear  situation. 

What  can  be  done,  necessarily  fall  either  in  how  to  timely  detect  such  a  situation  in 
order  to  avoid  it  or/and  what  tools  could  be  given  to  the  crew  to  better  escape  should 
they  are  trapped  in. 

Latest  state  of  build'-in  equipment,  3-D  Navigation,  Electronic  displays  and  Flight 
Control,  provide  now  all  necessary  tools  to  devel^  an  efficient  in-board  detection  and 
protection  system.  Such  system  will  be  described  altogether  with  a  review  of  some  fun¬ 
damental  criteria  to  be  considered  when  assessing  their  efficiency. 

In  the  recent  years  a  big  emphasis  has  been  put  on  windshear  since  a  few  fatal  accidents 
have  focused  the  attention  of  the  people  on  a  very  old  phenomenum  kno%m  by  the  flying 
crews . 

Due  to  the  increasing  air  traffic  leading  to  a  higher  exposure  into  bad  weather  condi¬ 
tions  the  attention  of  the  air  transportation  community  has  been  driven  to  look  more 
carefully  into  the  complexity  of  the  “windshear"  phenomenum  and  into  the  way  to  survive 
it. 

Thanks  in  particular  to  the  work  and  publications  of  Professor  T.  T.  FUJITA  from  the 
University  of  Chicago,  the  Aviation  Corranunity  is  now  able  to  better  understand  these 
short,  violent  and  almost  unpredictable  "Microbursts"  which  may  end  up  in  fatal 
accident. 

In  general  the  term  “Windshear"  defines  a  variety  of  atmospheric  conditions  characteri¬ 
zed  by  a  sudden  change  in  air  mass  direction  and/or  velocity.  Amongst  the  shears  an  air¬ 
plane  may  encounter,  the  microburst  is  one  of  the  most  threatening  since  this  sudden 
strong  downdraft  close  to  the  ground  induces  outburst  winds  as  high  as  L50  kt.  All  this 
phenomenum  is  limited  in  a  small  horizontal  scale  leaving  little  room  for  a  rapid  ma- 
noeuver  where  survival  may  be  a  matter  of  seconds.  The  case  of  Delta  191  in  Dallas  is  a 
typical  example  of  this  violent  case  Where  within  one  minute  the  burst  developed  to  an 
hazardous  situation  (ref.  figure  1).  A  scan  of  the  flight  recorder  shows  the  behaviour 
of  the  main  parameters  in  this  case  (ref.  figure  2). 

It  is  clear  to  everybody  that  the  best  to  survive  such  cases  is  to  AVOID  it.  Of  course 
the  Airbus  Industrie  recommendation  is  to  apply  this  very  simple  rule  : 

"AVOID,  AVOID,  AVOID". 

However  the  avoidance  procedure  will  be  based  on  a  reliable  and  quick  information  pro¬ 
cess  given  to  the  crew  to  be  in  a  position  either  to  stay  on  ground  before  take  off  or 
to  Initiate  an  early  go-around  during  the  approach.  Despite  strong  efforts  in  the  USA 
to  develop  and  Install  ground  facilities  to  detect  the  windshear,  most  of  the  places 
where  convective  weather  situations  may  be  encountered  leading  to  violent  wind  bursts 
will  remain  for  a  long  time  with  only  visual  information  and  pilot  reports.  This  means 
that  for  the  time  being  the  only  available  solution  remains  an  equipment  installed  on 
board  of  the  aircraft. 

One  could  consider  to  have  an  advisory  airborne  system  to  alert  the  crew  in  advance  for 
early  avoidance. Unfortunately  no  simple  system  yet  exists  and  the  today  on  board  weather 
radar  is  not  able  do  the  job  properly. 

Therefore  the  only  remaining  poesibility  ie  to  have  a  redundant  and  integrated  airborne 
system  combined  with  operational  procedures  to  help  the  crew  in  flying  through  the 
windshear. 

Since  1972,  Airbus  Industrie  has  considered  as  a  necessity  to  implement  on  its  newly 
designed  aircraft  means  to  help  the  pilot  in  coping  with  the  windshear.  With  the  support 
of  the  new  technologies  Airbus  Industrie  haa  been  permanently  improving  or  bringing 
additional  Information  to  further  enhance  the  capacity  of  the  pilot  to  safely  fly 
through  the  burst  (ref.  fig.  3). 

Based  on  the  standard  equation  of  flight,  it  is  possible  to  vrork  on  two  parameters  t 
THRUST  and  LIFT. 
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It  is  clear  that  the  use  of  the  maximum  rated  thrust  as  soon  as  possible  helps  in  reco¬ 
very  as  well  as  pitch  attitude  increase  in  order  to  increase  the  lift,  thus  increasing 
potential  energy.  Since  the  success  is  a  matter  of  aecondB«  Airbus  Industrie  has  imple¬ 
mented  : 

-  an  automatic  thrust  increase  which  is  available  in  automatic  and  manual  modes 
and 

-  a  pitch  guidance  which  will  give  a  good  cue  to  the  pilot  to  maintain  an  attitude 

avoiding  to  sacrifice  altitude. 

SPEED  REFERENCE  SYSTEM 


This  system  has  been  developed  to  guide  the  pilot  in  pitch  during  take-off  and  go- 
around.  The  system  works  basically  as  a  speed  control  system  however  it  includes  protec¬ 
tions  which  are  activated  in  case  of  windshear. 

The  prevailing  order  is  defined  by  increasing  pitch  toward  18"  thus  increasing  the  lift. 
However,  in  case  of  extreme  condition  the  pitch  order  may  be  superseded  by  the  control 
of  the  speed  slightly  above  the  stick  shaker  level  by  the  pilot  himself. 

Simulation  has  shown  that  following  the  SRS  order  it  was  possible  to  maintain  the  alti¬ 
tude  for  a  fair  period  of  time  which  should  save  the  airplane  in  most  of  the  shears. 

The  first  point  on  which  it  was  possible  to  easily  implement  a  solution  was  the  automa¬ 
tic  increase  of  thrust  in  case  of  excessive  angle  of  attack.  This  apply  mainly  during 
the  approach  where  the  windshear  will  generally  lead  to  an  increase  of  angle  of  attack 
and  if  it  is  severe  enough  the  effect  of  full  thrust  as  soon  as  possible  will  improve 
the  safety.  The  system  reacts  automatically  when  the  angle  of  attack  exceeds  a  predeter¬ 
mined  value.  Should  this  occur,  the  recommended  procedure  during  approach  is  to  make 
a  go- around. 

If  the  measured  rate  of  change  of  airspeed  and  ground  speed  exceeds  a  preset  threshold, 
the  system  will  react  with  a  phase  advance.  The  nose  up  change  which  accc^panies  the 
power  increase  brings  an  additional  safety  factor  by  trending  to  higher  angle  of  attack. 

The  system  will  not  react  to  a  pure  vertical  draft  as  quickly  as  to  an  horizontal  shear. 
However,  it  is  worth  noticing  that  at  low  level  (below  500  ft)  the  probability  of 
getting  a  pure  vertical  draft  is  very  low  since  the  proximity  of  the  ground  will  deviate 
the  flow  and  turn  it  to  horizontal  out  draft.  In  the  case  of  Delta  191,  the  main  wind 
component  was  a  strong  tailwind  in  the  last  400  ft. 

With  the  installation  of  the  Cathod  Ray  Tube  (CRT),  Airbus  Industrie  has  introduced 
some  information  giving  a  clear  synthesis  of  the  situation  such  as  the  speed  trend  and 
the  position  of  the  actual  speed  compared  to  reference  speeds  such  as  1.3  Vs  and 
l.l  Va. 

An  important  effort  has  been  made  in  matter  of  rationalization  of  the  information  pre¬ 
sented  to  the  crew  (ref.  Figure  6). 


SPEED  TREND  INFORMATION  AND  SPEED  MARGIN 

On  the  Cathod  Ray  Tube  of  the  primary  flight  display,  it  has  been  possible  to  present 
with  an  arrow  where  will  be  the  speed  in  the  next  10  seconds.  Eventhough  no  rule  has 
been  defined,  one  will  notice  by  the  jerk  of  the  arrow  and  particularly  its  size  that  an 
abnormality  is  raising  which  may  on  the  ground  lead  naturally  to  the  take-off  abort. 
In  flight  it  will  give  a  good  indication  and  help  in  an  early  response. 

In  addition  the  permanent  display  of  the  stick  shaker  speed  will  give  the  pilot  the  best 
support  to  fly  the  airplane  at  the  maximum  possible  lift  should  the  case  occur. 


FLIGHT  PATH  VECTOR 

One  important  tool,  which  is  not  used  as  it  should,  is  the  flight  path  vector  which 
could  be  monitored  by  the  non  flying  pilot.  The  "Bird”  is  generated  by  the  inertial 
reference  system  which  is  independent  from  the  other  parameters  and  shows  the  direction 
of  the  flight  path.  It  is  obvious  that,  when  the  "Bird"  is  below  the  horizon,  the  path 
is  converging  towards  the  ground.  Such  a  synthesis  from  the  basic  parameters  as  presen¬ 
ted  on  conventional  aircraft  is  not  easy  in  particular  in  critical  phase. 

On  the  A320  a  further  step  will  be  implemented  with  the  happening  of  the  "fly  thru 
computer" . 

The  basic  pitch  control  law  is  working  up  to  a  certain  angle  of  attack  where  it  is  re¬ 
placed  by  an  angle  of  attack  control  law  (ref.  Figures  9  and  10)  which  covers  the  high 
lift  zone  :  an  increasingly  positive  stability  is  Introduced  so  that  a  maximum  angle  of 
attack  corresponding  to  the  stall  protection  is  achieved  with  the  full  stick  deflection. 
At  that  point  the  wing  la  delivering  all  Its  lift  allowing  a  fair  margin  to  the  stall 
with  good  capability  in  roll.  In  the  same  zone  the  high  angle  of  attack  floor  protec¬ 
tion  will  activate  automatically  the  thrust  to  the  inaximum  rated  level,  v^ere  it  will  be 
latched. 


In  case  of  windahear  % 


The  pitch  control  law  is  based  on  load  factor  demand  and  therefore  try  to  maintain  the 
flight  under  IG  condition,  thus  fighting  the  shear. 

If  the  shear  becomes  too  severe  the  maximum  rated  thrust  will  be  automatically  applied 
in  all  phases  of  flight  and  the  pitch  demand  will  be  somehow  optimized. 

In  extreme  condition,  since  the  airplane  %#ill  be  stall  protected,  the  procedure  is  to 
pull  the  sticX  right  back.  This  last  action  will  demand  the  maximum  possible  lift  frcxn 
the  airplane  while  the  pilot  knows  that  the  airplane  will  not  stall. 

Procedure 


In  addition  to  the  airborne  installation.  Airbus  Industrie  insists  on  the  following 
procedures  since  a  strong  windshear  can  be  considered  as  an  emergency  situation  where 
immediate  and  simple  action  is  the  only  solution.  Airbus  Industrie  believes  that  when 
survival  is  a  matter  of  seconds,  there  is  no  parameter  to  be  precisely  flown.  Nothing 
else  but  trading  speed  for  altitude,  which  means  pulling  up,  would  help  in  a  case  such 
as  the  one  of  CO  426  (ref.  Figure  8). 

1  -  AVOID  :  if  windshear  is  expected  or  announced,  delay  take-off  or  landing. 

2  -  If  caught  in  the  shear  t  keep  the  nose  up  to  at  least  maintain  altitude,  and  trigger 
the  go  levers  in  case  of  flexible  thrust  take-off  or  approach. 

The  information  and  displays  available  in  the  Airbus  Industrie  aircraft  family  will 
help  the  crew  in  Identification  and  guidance  : 

-  maximum  rated  thrust  is  automatically  applied  through  the  GO  AROUND  lever  or  the 
protection 

-  pitch  guidance  is  provided  through  the  Speed  Reference  System 
stick  shaker  speed  is  continuously  displayed  (valid  from  A310  on). 

The  recovery  technique  for  the  A320  is  fu^cher  simplified  t 

PULL  the  STICK  PULL  BACKWARDS  which  provides  automatically  the  maximum  rated  thrust 
and  lift. 

Airbus  Industrie  is  presently  working  on  training  program  to  give  the  airlines  informa¬ 
tion  and  recovery  technics.  This  effort  is  consistent  with  the  present  program  developed 
by  the  PAA  and  Airbus  Industrie  participates  at  the  PAA  audit  on  this  subject.  In 
addition  we  are  developing  information  to  be  introduced  in  the  Flight  Crew  operating 
Manual  to  give  the  crew  the  performance  capability  of  the  airplane  under  prevailing 
weather  conditions  and  weight. 

In  summary  the  Airbus  Industrie  goal  is  to  give  the  crew  information  and  guidances 
(ref.  Figure  11)  which  complement  and  do  not  supersede  the  data  available  frcni  the 
ground  and  the  crew  experience  in  matter  of  weather  knowledge.  Our  aim  is  to  help  in 
case  of  recovery  from  severe  windshear  keeping  in  mind  that  avoidance  is  the  target. 
Airbus  Industrie  will  continue  to  work  on  this  essential  objective  which  is 
FLIGOT  SAFETY. 
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Figure  2 


^Airbus  Industrie  efforts  against  windshear  since  1972 


^Windshear  -  rationalization  of  indication 
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WIND  MODELS  FOR  FLIGHT  SIMULATION 
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g.  IwtfAictl— 

VariabU  wind  conditions  may  considarably  influonca  flight-path  and  spaad  of  an  aircraft.  Espocialty  strong  wind 
shoar  and  downdraft  may  initiate  flight  path  deviations,  which  may  restrict  flight  safety  during  take-of(, 
go-around  and  landing  approach. 

Investigation?  of  aircraft  response  on  wind  and  turbulence  by  means  of  flight  simulation  require  suitable  wind  and 
turbulence  models.  The  specification  of  these  models  is  a  sufficient  mathematical  description  of  the  wind  velocity 
field  on  one  hand  and  a  simple  mathematical  structure  on  the  other  hand  to  work  at  adequate  expense  under 
condition  of  real  time  simulation. 

There  are  a  number  of  analytical  and  numerical  dynamic  wind  models  in  the  area  of  meteorology,  describing  the 
temporal  development  of  thunderstorm  downburst,  cold  fronts  and  low  level  jet  by  extensive  simulation  programs. 
Because  of  the  mathematical  expense  and  the  unsufficient  horizontal  and  vertical  resolution,  these  models  are 
unsuitable  for  application  in  flight  simulation.  In  take-off  and  landing  approach  of  transport  aircraft  the  essential 
shear  layer  is  passed  in  only  a  few  minutes.  Thus,  the  modeling  task  can  concentrate  on  quasi-stationary 
engineering  models.  In  general  the  turbulent  wind  profiles  are  composed  of  large  scale  trend  and  turbulent 
fluctuations  with  stationary  mean  (Fig.  1).  In  some  cases  gusts  are  considered  as  a  third  category  of  atmospheric 
disturbances.  The  aircraft  response  on  large  scale  wind  variations  is  quite  different  compared  with  the  response 
on  turbulence  or  short  scale  gusts.  Variations  of  the  mean  wind  influence  the  energy  status  of  the  aircraft 
producing  flight  path  and  airspeed  deviations.  Atmospheric  turbulence  is  effecting  the  acceleration  therms  of  the 
aircraft  influencing  airframe  loads,  structural  fatigue,  pilot's  workload,  passenger  comfort  and  handling  qualities 
of  the  aircraft.  Hence,  for  the  prediction  of  the  aircraft  trajectories  under  wind  influence  the  knowledge  of  the 
mean  wind  variations  is  sufficient  for  most  of  the  problems.  An  essential  prerequisit  for  the  identification  of  the 
model  parameters  is  the  availability  of  suitable  wind  measuring  data  which  may  originate  from  different  measuring 
systems. 


The  wind  at  a  certain  point  can  be  regarded  as  a  vector  with  a  value,  the  wind  speed,  and  a  direction,  the  wind 
direction.  In  this  paper,  the  components  of  the  wind  vector  are  defined  in  the  following  earth  fixed  coordinate 
system  (see  Fig.  2):  a  horizontal  wind  blowing  from  south  to  north  represents  a  positive  x  ^  -component  u  , 
a  horizontal  wind  from  west  to  east  a  positive  y  g  -component  v  yy-  and  a  downdraft  indicates  a  positive  vertical 
wind  component  w  yyg  (VORSMANN,  1964). 

The  influence  of  wind  on  aircraft  trajectories  can  be  investigated  either  in  reality  by  flight  tests  or  as  mentioned 
above  by  flight  simulation  with  measured  wind  data  or  with  wind  data  generated  by  a  wind  model.  The  advantages 
of  the  simulation  are  the  lower  costs  of  the  procedure,  together  with  the  ability  to  investigate  even  hazardous 
flight  situations  without  a  rise  for  the  pilot  and  the  aircraft.  Furtheron  the  simulations  can  be  repeated  easily  to 
investigate  for  example  the  pilot's  reaction  on  certain  situations.  The  quality  of  the  simulation  with  a  wind  model 
essentially  depends  on  the  quality  of  the  wind  model  in  comparison  with  real  wind  data. 

So  the  determination  of  wind  by  measurement  is  necessary  both  for  the  design  and  valuation  of  wind  models. 

Concerning  the  principle  of  measurement  there  are  basically  two  different  kinds,  the  ground  based  systems, 
measuring  the  wind  from  the  surface  and  the  on  board  determination,  measuring  the  wind  on  board  an  aircraft . 


^  1  mniMF*  ^  mmmmiitummmt 
3,1.1  grawJ  baaad  mtmmm 

The  ground  based  systems  can  be  separated  into  two  different  groups  regarding  the  procedure  of  measurement: 
systems  to  determine  the  wind  locally  at  a  certain  point  and  systems  to  determine  the  wind  in  a  greater  distance 
(remote  sensing  systems). 

The  first  group  represents  an  easy  way  to  measure  the  value  and  the  direction  of  the  wind  by  means  of  a  relative 
simple  equipment  like  e.g.  a  cup  anemometer  or  a  propeller  anemometer  combined  with  a  wind  direction  vane.  The 
system  gives  information  about  the  mean  horizontal  wind  at  a  certain  point.  A  determination  of  the  vertical  wind 
component  as  well  as  variations  in  the  wind  speed  or  direction  over  a  horizontal  or  vertical  distance  is  not 
possible.  Therefore  the  system  is  not  qualified  to  carry  out  measurements  of  whole  wind  fields  as  a  basis  for 
wind  models  with  wind  variations,  which  are  important  especially  in  the  lower  boundary  layer.  As  a  solution  to  this 
problem  the  local  wind  speeds  are  to  be  measured  at  some  certain  points  so  that  the  wind  field  can  be  determined 
by  interpolating  between  the  measured  wind  speeds.  A  typical  example  for  this  principle  is  the  profile 
measurement  from  towers,  booms  or  mounts  in  the  boundary  layer.  With  the  help  of  the  vertical  stepwise 
installed  sensors  changes  in  (he  wind  speed  and  direction  in  different  heights  can  be  determined.  Measurements 
over  a  longer  time  period  can  additionally  give  informations  about  the  large  scale  wind  variations  in  a  constant 
height.  Using  this  principle  of  measurement  it  must  be  considered,  that  (he  tower  used  for  supporting  the 
sensors  can  interfere  with  the  flow,  thus  introducing  errors  in  the  measured  data.  These  errors  may  be  reduced 
to  acceptable  levels  by  calibrating  the  measurement  equipment  (LENSCHOW,  1984). 

The  main  virtues  of  the  above  described  sensors  are  simplicity,  ruggedness  and  dependability.  The  disadvantages 
of  the  rotating  devices  are  long  response  times,  so  that  they  are  net  able  to  analyse  turbulent  phenomena  of 
higher  frequencies.  Belter  results  are  available  with  fast  response  wind  sensors  like  the  hot-wire  anemometer. 

To  avoid  the  problems  of  interference  between  the  tower  and  the  flow  it  is  possible  to  employ  systems  basing  on 
the  remote  sensing  technique,  which  allow  additionally  to  carry  out  measurements  in  any  direction  within  the 
current  range  of  the  instrument  without  disturbing  the  variable  being  measured.  The  systems  are  based  on  the 
principle  of  transmitting  acoustic  or  electromagnetic  radiation  measuring  the  reflected  radiation  signals. 
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Eiampits  for  d«v«lop«d  instruments  are  the  Ndar,  radar  and  sodar  systams  using  light,  radio  and  sound  wavos  as 
transmitting  medium. 

in  general  the  remote  sensing  systems  are  able  to  determine  the  wirtd  speed  components  in  a  limited  range.  For 
the  principle  of  measurement  is  based  on  averaging  the  wind  speeds  over  a  certain  spatial  volume  it  is  not 
possible  to  resolve  higher  frequencies  in  the  measured  wind  speeds.  The  problems  of  resolution  in  connection 
with  the  limited  range  of  measurement  combined  with  ground  based  systems  lead  to  another  measuring  principle 
determining  the  wind  on  board  an  aircraft. 


3.1.2  Q«-b 


The  theory  and  realiiation  of  an  on  board  measurement  system  should  be  presented  at  the  example  of  the 
DORNIER  DO  28  research  aircraft  of  the  Technical  University  of  Braunschweig  .  For  the  investigation  of  the 
influence  of  wind  and  wind  shear  on  flight  safety  of  aeroplanes  the  institute  of  Flight  Guidance  and  Control  of  the 
TU  Braunschweig  developed  and  implemented  an  on-line  wind  measuring  system  on  beard  a  DO  28  aircraft.  This 
purpose  was  supported  by  the  German  Society  for  the  Advancement  of  Scientific  Research  within  the  research 
program  "Sicherheit  im  Luftverkehr**  (safety  in  air  traffic). 


PrlMl»l«  «f  mwyr—rt 

In  contrast  to  the  ground  based  systems  the  wind  cannot  be  measured  directly  on  board  an  aircraft.  The  indirect 
way  to  determine  the  vector  of  the  wind  velocity  Y  vv  fo  take  the  difference  between  the  flight  path  velocity 
(the  velocity  of  the  aircraft  relative  to  the  earth)  and  the  true  airspeed  y  (the  velocity  of  the  aeroplane  relative 
to  the  air).  For  obtaining  a  high  precision  of  the  relative  small  wind  vector  compared  to  the  large  aircraft  speeds 
an  accurate  measurement  of  the  flight  path  velocity  and  the  true  airspeed  is  necessary.  The  determination  of  the 
wind  vector  components  in  the  earth  fixed  coordinate  system  (see  Fig.  2)  is  described  by  the  following  set  of 
equations  (VORSMANN.  SWOLINSKY.  1980.  LENSCHOW.  1972).  The  general  equation  to  determine  the  wind 
vector  is 


Yw  *  -  y 


(1) 


Written  with  the  components  in  the  earth  fixed  system  eq.  (1)  leads  to 
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In  Fig.  3  the  three  velocities  Yy^r.  and  ^  are  illustrated  together  with  different  coordinate  systems,  which  are 
necessary  to  explain  the  relations  between  the  velocities. 

The  flight  path  velocity  Yk  measured  in  the  flight  path  coordinate  system  (Xh  -axis)  as  well  as  in  the  earth 

fixed  system  (Xg-axis).  The  advantage  of  the  earth  fixed  determination  of  the  Yk  there  is  no  coordinate 

transformation  necessary,  while  the  flight  path  fixed  Yk  vector  must  be  transformed  in  the  earth  fixed  system 
(angles  %  and  y)- 

The  true  airspeed  is  defined  in  the  aerodynamic  coordinate  system  (x^-axis)  (see  Fig.  3).  To  get  the  components 
of  Y  the  geographic  coordinate  system,  a  transformation  from  the  aerodynamic  into  the  aircraft  fixed  (xf-axis) 
system  (angles  8  and  9^  and  from  the  aircraft  fixed  into  the  geographic  system  (angles  6.  #  and  T)  is  necessary. 
The  complete  transformation  leads  to  the  following  three  equations  for  the  true  airspeed  components 
(VORSMANN,  1984): 

Ug  =  V'l^coss  cosP’CosO-cosT  *  stn9'(sin^  sinO  cosT  -  cosG-sinT) 

*  sin«-cos8'(co»#*sin9'CosT  sinG*slnT)l  O) 


Vg  =  V’l^coss-coip-cosO  sinT  +  sin8-(sin9-sinO-sinT  ♦  cosG-cosT) 

+  sin8-cosP*(cos#*sinO'BinT  -  sinG  cosT)!  (4) 


Wg  =  V'[-cosa'casP'iln6  *  sin^-slnG-cosO  *  sln«*cos9'COsG'COS0 J  (5) 

As  an  example  the  two  dimensional  problem  in  the  aircraft  symmetrica)  plane  is  given  in  7ig.  4.  For  this  case  the 
angles  9,  G  and  T  are  equal  zero,  so  that  the  components  in  the  eq.  3-S  can  be  determined  by 


Ug  ^  V  (c088-coa9  ♦sin8*sinO)  (6) 

Vg  ■  0  (7) 

Wg  *  V  (-cos8*ain9  «  sina  cosG) 


(8) 


9-4 


Th«  horizontAl  znd  ¥«rtieal  components  (oq.  6  and  6)  eon  also  be  written  aa 


V  coa(e*«) 

(9) 

Vain(e-«)  , 

(10) 

which  corresportda  to  Fig.  4. 

The  calculation  of  the  wind  vector  eompononta  according  to  oquationa  2>5  praaumaa  that  the  roquirad  angloa  and 
valocitloa  are  moaaurod  at  the  aamo  poaition.  In  practice  the  flight  path  data  (flight  path  velocity,  EULER  angloa 
O,  #,  7)  can  bo  dotormlnad  by  an  INS  or  a  laaor  navigation  platform,  which  ia  poaitionod  near  the  aircraft's 
contra  of  gravity  (soo  Fig.  5  ).  The  aerodynamic  data  (amount  of  the  true  airspood.  angia  of  attack,  sideslip 
angle)  however  havo  to  be  measured  outside  the  aircraft  influenced  flow  for  asample  with  a  flight  log  on  a  nose 
boom,  aa  it  can  bo  seen  in  Fig.  5.  In  the  ease  of  angular  movement  of  the  aircraft  another  velocity  vector  has  to 
be  considered.  It  is  described  by  the  aircraft's  speed  of  rotation  and  the  vector  of  the  distance  g  between  the 
location  of  the  navigation  platform  and  the  location  of  the  sensor  measuring  the  aerodynamic  data. 

With  this  correction  the  wind  vector  at  the  location  of  the  platform  Ywp  detarminad  by  the  flight  path 

velocity  at  the  platform  Yicp,  the  true  airspood  at  the  location  of  the  aerodynamic  data  sensor  (flight  log)  and 
the  vector  gf  from  the  flight  log  to  the  platform  as  well  as  teh  aircraft's  rotation  speed 


Ywp  '  Yk,- y,*  Q,xft,  (11) 

The  correction  of  the  additional  velocity  gf  induced  by  the  aircraft's  rotation  is  most  important,  whan  for 
example  a  Doppler  Laser  is  used  measuring  the  true  airspeed  nearly  100m  before  the  aircraft.  In  this  case  a 
rotation  speed  of  6  s  0.1  rad/s  would  lead  to  an  additional  vertical  velocity  component  of  10  m/s. 

The  principles  of  measurement  concerning  the  true  airspeed  Yf  are  given  by  WUEST  (WUEST,  1960).  Detailed 
investigations  of  the  determination  of  the  flight  path  velocity  V^p  by  an  INS  are  mads  by  WINTER  and  STIELER 
(WINTER  at  al..  1967). 

Besides  the  correction  of  the  true  airspeed  vector  (soo  eq.  (ID)  another  correction  has  to  be  considered 
concerning  the  angle  of  attack  and  the  angle  of  sideslip.  In  the  case  of  an  aircraft  rotation  the  angles  •  and  6  in 


tha  aq.  3  to  5  havo  to  b#  datorminod  by 

•  -  «.  ♦ 

(12) 

(13) 

with  c  and  9  as  the  angles  at  the  reference  point  (location  at  the  INS).  •  f  and  S  f  as  the  angles  measured  with 
the  aerodynamic  data  sensor  and  R  as  the  distance  from  the  aerodynamic  data  sensor  to  the  rsfersncs  point. 

The  equations  (3)  to  (S)  determining  the  true  airspeed  components  contain  numerous  nonlinear  SINE*  and 
COSINE  functions,  so  (hat  it  is  difficult  to  ostimato  the  effects  of  sensor  errors  on  the  resulting  error  of  the 
wind  component.  As  a  simplification  a  linear  error  model  is  used  to  determine  the  wind  component  error  caused 
by  a  known  sensor  error.  For  example  the  measured  wind  speed  component  uyy^^^  consists  of  the  true  value  u^g 
and  Its  error  dug^g 


Vwgm  *  “Wg  *  *«Wg 


(14) 


The  linear  error  model  for  this  case  is 
iUwa 

with  $uwg/£f|  00  the  part/af  derivatives  of  the  concerning  signal  inputs  and 
The  complete  equation  for  the  total  error  Au^g  reads  as  follows: 


(15) 

&f,  as  the  signal  errors. 
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(16) 


The  equations  for  the  v  and  w  components  correspond  to  eq.  (16).  The  determination  of  tha  partial  derivatives 
load  to  very  comploi  expressions,  which  can  however  be  approximated  neglecting  second  order  terms.  The 
results  are  lleted  in  Tab.  1.  In  thia  tabla  tha  indax  R  atands  for  valuaa  of  tha  arror  fra#  rafaranca  stala. 


On  tha  baste  of  Tab.  1  tha  following  ganaral  atatementa  can  ba  mada  (VORSMANN,  1964) 


1.  Th«  wind  componnnt  •rrors,  which  arc  caused  by  angular  paramstars,  arc  directly  proportional  to  tho  true 
airspood  of  tho  aircraft.  Thoroforo  errors  in  wind  speed  and  wind  direction  increase  with  true  airspeed 

2.  The  errors  of  the  horizontal  wind  components  Uvuq  and  caused  by  errors  in  true  airspeed  and  angular 
parameters  are  a  function  of  the  SINE  or  the  COSINE  of  the  true  heading,  while  the  error  of  the  vertical  wind 
component  is  of  course  independent  from  the  true  heading. 

3.  For  the  errors  depending  on  the  true  heading  there  is  a  phase  shift  between  the  uvug  and  Vwg 

component.  However,  the  masimum  amplitude  of  the  error  is  the  same  for  both  components. 

4.  The  wind  component  errors  are  not  a  function  of  the  wind  speed  or  wind  direction. 

The  following  two  examples  illustrate  these  dependencies  for  level  flight  As  reference  values  an 

angle  of  attack  of  ■|ys4..85^  and  a  cruising  speed  of  Vf|S60m/s  are  assumed.  As  a  function  of  true  heading  Fig.  6 
shows  the  error  in  the  uyuo  aompenent,  which  results  from  sensor  errors  with  an  assumed  magnitude  of  one 
degree  respectively  Im/s.  ror  the  same  amount  of  sensor  errors  Fig.  7  Illustrates  tho  error  in  the  Wyvg 
component  as  a  function  of  true  airspeed.  It  can  be  seen  that  errors  in  the  vertical  wind  component  are  caused 
only  by  an  error  in  the  vertical  speed  and  errors  in  the  angle  of  attack  and  pitch.  The  other  failure  gradients  are 
equal  zero  because  of  the  reference  values  for  y  and  #. 

Most  of  the  parameters,  which  are  required  for  the  wind  vector  determination  can  be  measured  directly  except 
the  true  airspeed  and  the  vertical  speed  of  the  aircraft.  The  vertical  speed  of  the  aircraft  can  be  measured  easily 
with  a  variometer,  which  differentiates  the  static  pressure.  The  problem  of  this  method  is  the  long  response  time 
of  the  instrument  caused  by  the  differentiation.  A  high  frequent  wind  determination  however  needs  a  high 
frequent  vertical  speed  information.  This  real  time  signal  information  can  be  derived  synthetically  by  means  of  a 
complementary  filter  (see  Fig.  6)  (VORSMANN.  1964).  The  input  for  the  high  frequency  information  is  the  output 
signal  of  the  vertical  accelerometer  which  is  integrated  to  get  a  vertical  speed  signal.  This  signal  possesses 
an  excellent  dynamic  response  but  also  a  long  term  instability.  Therefore  the  low  frequency  information  is 
gathered  by  the  above  mentioned  differentiation  of  the  barometric  altimeter  signal  Hg.  The  determination  of  the 
vertical  speed  is  described  by  the  equation 


In  case  of  error*‘free  sensor  signals  for  Hq  and  He  this  filter  produces  an  ideal  vertical  speed  signal.  As  already 
mentioned  above  the  determination  of  the  true  airspeed  is  not  explained  in  this  paper.  Detailed  informations  are 
given  by  WUEST  (WUEST,  1980). 

By  knowledge  of  the  accuracy  of  all  parameters  required  for  the  calculation  of  the  wind  components  the  error  of 
the  measured  wind  vector  can  be  derived  by  using  the  GAUSSIAN  law  of  error  propagation.  Some  values  are  given 
for  a  special  research  aircraft  and  a  transportation  aircraft  in  Tab.  2.  The  accuracies,  which  are  available  with 
special  research  aircrafts  reach  values  between  0.5  m/s  and  0.7  m/s  in  the  horizontal  wind  component.  The 
lower  value  is  achieved  during  tail*  or  headwind  situations  while  the  higher  value  applies  to  wind  measurements 
during  prevailing  crosswinds.  For  the  vertical  wind  component  a  precision  of  0.3  m/s  can  be  stated.  The  accuracy 
of  the  calculated  wind  direction  turns  out  to  be  a  hyperbolic  function  of  the  horizontal  wind  speed  (see  Fig.  9). 
The  mentioned  accuracies  include  offsets,  which  may  be  due  to  constant  sensor  biases.  Higher  frequency 
variations  of  the  wind  speed  and  wind  direction  can  be  determined  more  precisely  (factor  5  to  10). 

To  achieve  these  accuracies  it  is  necessary  to  calibrate  the  equipment  before  a  test  flight.  To  control  the 
measurement  system  it  is  possible  to  compare  the  on  board  measured  data  with  data  determined  by  ground  based 
system  (see  chapt.  3.1.1),  which  additionally  might  decrease  the  offset  failure. 

During  a  wind  measurement  campaign  those  comparisons  betwenn  a  research  aircraft  and  a  ground  based  system 
were  made  in  a  tower  f(y-by.  On  the  tower  a  platform  was  installed  supporting  an  anemometer  on  a  slant  lift  to 
measure  the  wind  speed  and  direction.  As  an  example  Fig.  10  shows  the  wind  profiles  measured  with  the  research 
aircraft  DO  28  and  the  tower.  It  can  be  seen  that  tower  and  aircraft  data  display  a  good  correspondence.  The 
aircraft  measured  curves  additionally  show  a  high  resolution  of  the  signals.  Deviations  between  the 
measurements  like  difference  in  wind  direction  above  160m  height  are  not  necessarily  system  errors.  They  may 
be  caused  by  the  time  difference  of  the  two  measurements  and  the  spatial  difference  of  up  to  4km  between 
aircraft  and  tower  for  the  same  altitude  sample.  In  comparison  to  the  measurement  with  a  special  research 
aircraft,  the  accuracies  which  are  available  using  the  data  coming  from  the  sensors  of  a  transportation  aircraft 
reach  only  half  the  value,  so  that  deviations  of  1  m/s  to  1.5  m/s  in  the  horizontal  wind  component  and  0.5  m/s  to 
0.7  m/s  in  tho  vertical  wind  component  have  to  be  considered  (SWOLtNSKY,  KRAUSPE.  1964). 


Th«  introduction  of  this  popor  hoc  olroody  montionod  tho  typical  ooparation  of  wind  and  turbulonco  offocta.  Tha 
high  froguoncy  part  of  tho  wind  voctor,  tho  turbulonco.  la  charactorltod  aa  a  fluctuation  with  a  atationary  moan 
valuo.  Tho  moan  valuo  itaolf  ia  tha  dotormlnlatic  low  froguoncy  part  of  tho  wind  voctor.  Aftor  diacuaaion  of  tha 
wind  dotormination  it  ia  holpful  to  charactoriao  thoao  turo  main  parta  of  tho  wind  vector.  Aa  domonatratod  in 
HAHN  at  al..  1966.  tho  influonco  of  wind  and  turbulonco  on  tho  aircraft  motion  ia  eomplotoly  difforont.  Tha  main 
influonco  on  tho  aircraft  trajoctory  la  cauaod  by  low  froguoncy  wind  offocta.  Tho  turbulent  compononta  ara 
producing  only  indirect  offocta  duo  to  tho  Incroaaod  pilot'a  workload. 


A  roaliatic  aircraft  flight  aimulation  roguiroa  tho  conaldoration  of  tha  influonco  of  atmoaphoric  turbulonco  and 
guot  offocta  in  tho  aimulation  model  of  an  aircraft  oven  If  It  ia  net  tho  primary  influonco  on  aircraft  trajoctorioa. 
Tho  wind  velocity  in  general  moana  tho  dotorminiatic  moan  wind  velocity  aa  wall  aa  atochaatic  offocta  like 
turbulonco  and  guata.  Tho  proper  definition  of  tho  boundary  botwoon  tho  low  froguoncy  moan  wind  velocity  and  tho 
high  froguoncy  turbulonco  ia  net  poaaiblo.  To  reply  thia  guoation  aoama  to  bo  a  philoaophical  problem  depending  on 
tho  actual  application.  Tho  aamo  problem  appoara  in  tho  daacription  of  guata.  For  a  glider  a  apocial  guat  may  bo  a 
medium  froguoncy  diaturbanca.  Encountering  tho  aamo  goat  with  a  auparaonic  aircraft  appoara  like  a  high 
froguoncy  check.  Tha  firat  item  in  tho  abort  acalo  range  of  wind  porturbationa  ahall  bo  tho  atmoaphoric 
turbulonco. 


Tho  atmoaphoric  motion  ia  alwaya  eharactorixod  by  a  typical  moan  wind  direction,  cauaod  by  tha  differancoa  of 
barometric  proaauro.  Thia  motion  conaiata  of  tho  moan  wind  and  an  ovarlayad  flow  in  all  thraa  gaomatric 
diroctiona.  Tho  roaaon  of  thia  turbulent  flow  compononta  ia  tho  inatability  of  tha  atmoaphoric  flow.  Phanomana 
like 

-  wind  gradlanta  cauaod  by  aurfaca  friction 

-  jot  atraarna.  frontal  ahaar  flowa.  iaa-affaeta  of  hilla 

-  convection  like  thermic,  convoctiva  cello,  thundoratorm  actlvitiaa 

•  wake  turbulonco  produced  by  trailing  vortieiaa  of  airerafta 

and  other  offocta  are  tha  aourco  of  wind  ahaar  in  tho  atmopharo.  Thia  changing  of  flow  velocity  with  tha  location 
and  with  time  producoa  duo  to  tho  friction  turbulent  flow  compononta  in  thraa  dimonaiona.  The  daacription  of 
thoao  offocta  ia  given  by  tho  NAVIER-STOKES  oquationa*  but  duo  tho  complexity,  non-linaarity  and  croao-coupling 
of  thoao  differential  aguationa  there  ia  no  cemptoto  aolution  poaaiblo  today.  A  lot  of  thoeroticai  invaatigationa 
wore  made  to  undoratand  tho  turbulence  mochaniam  (HINZE.  1959).  Soma  aaaumptiona  can  be  aummarizod  for  all 
thoao  modola: 

-  turbulonco  ia  a  throo*dimonaional  effect 

-  turbulonco  ia  baaed  on  friction  offocta 

*  turbulonco  can  bo  doacribod  by  vorticioa  of  difforont  acalo 

-  there  ia  an  energy  tranafor  nocoaaary  to  roplaca  tho  diaaipativo  energy  in  tha  amall  acala  range  of  tha 
turbulonco. 

Moat  of  tho  turbulonco  modola  are  baaed  on  tho  aaaumptlon  of  iaotropy  and  atationarity.  Tha  iaotropy  of  tha 
atmoaphoro  can  bo  aaaumod  for  altitudoa  above  ca.  300-500  m.  Thia  altituda  daponda  on  tha  atability  conditiona 
of  tho  atmoaphoro.  tha  ground  roughnaaa  and  other  paramotora.  Below  thia  height  tha  influence  of  tha  boundary 
layer  and  tho  roatrietiona  in  tho  vortical  flow  direction  duo  to  tho  ground  cauaaa  aniaotropic  conditiona. 

KRAICHNAN.  1962,  haa  dovolopod  a  modal  for  tho  energy  tranafor,  uaing  a  caacado  modal.  Tha  energy  ia 
tranamittod  from  largo  acalo  to  abort  acalo  vorticioa  and  diaaipatoa  in  tha  high  frequency  range  in  kind  of  heat. 
Thia  caacado  model  providoa  alao  tho  influonco  of  tho  ground  on  tho  turbulence  paramatara.  With  docraaaing 
altitude,  tho  maximum  acalo  of  tho  vorticioa  ia  limited  to  tho  actual  height. 

Aa  domonatratod  tho  characterization  of  turbulonco  doponda  on  tho  acalo.  i.a.  tha  frequency  range.  Eapaciaily  tha 
power  donaity  apoctrum  doacription  ia  a  tool  to  aoparato  different  rangaa  of  turbulence  (Fig.  11).  Baaed  on  theory 
and  moaauromont.  tho  knowledge  about  tho  inertial  aubrango  ia  aufficiant.  Tha  power  danaity  dapanda  on  tha 
apatial  frequency  with  a  power  coefficient  of  -S/3  in  thia  range  (KOLMOOOROW,  1941;  ONSAQER,  1945; 
WEIZSACKER.  1946).  Maaauromonta  provided  a  power  factor  botwoon  1.2  and  2.2  (PRITCHARD,  1965). 

More  probloma  appear  In  tho  high  froguoncy  range  of  tho  apoctrum,  whan  friction  offocta  ara  incraaeing  and  tha 
negative  alopo  of  tho  power  donaity  apoctrum  ia  enhanced.  HEISENBERG,  1946,  calculated  a  power  factor  of  -7 
for  thia  range.  Thia  largo  negative  alopo  onauroa  that  tho  dorivativaa  of  tho  turbulence  valocitiaa  and  tha 
variancoa  of  tho  turbulonco  accolorationa  are  oxiating.  In  tho  low  froguoncy  range  tha  power  danaity  apoctrum 
aoama  to  bo  conatant.  but  there  muat  bo  a  limitation,  bocauao  tho  maximvrr.  acalo  of  turbulence  fialda  in  tho 
atmoaphoro  ia  limited.  Another  limitation  uaing  tho  vortex  model  ia  given  b>  tha  altitude,  aa  tha  maximum  acala  ia 
limited  to  tho  altitude. 
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Th«  purpose  of  tho  aircraft  simulation  deals  with  turbulence  as  a  perturbation  effect.  The  available  computation 
time  for  the  turbulence  model,  for  oKample  in  a  realtime  aircraft  simulation  is  only  a  few  milliseconds.  Therefore 
several  simplified  theories  are  necessary  to  handle  turbulence  effects  in  aircraft  simulation  problems.  One  of 
these  simple  approximations  was  given  by  DRYOEN,  1943.  He  proposed  an  exponential  function  for  the 
autocorrelation  function  of  a  turbulence  component: 

R(x)  »  0^-  •''-w  (U) 

Fig.  11  shows  this  autocorrelation  function  together  with  a  measured  one.  The  DRYDEN  approximation  has  the 
advantage  that  the  reallxation  and  calculation  in  simulation  purposes  is  very  simple.  Using  the  FOURIER 
transformation  it  is  possible  to  transfer  between  the  autocorrelation  function  and  the  power  density  spectrum. 


S(D)  =  (15) 


The  equivalent  power  density  spectrum  of  the  DRYOEN  approximation  is 


S(0)  =  2  9* 


(16) 


with  the  scale  length  the  variance  0^  and  the  spatial  frequency  Q.  This  equation  describes  the  power  density 
of  the  components  along  the  flight^path.  Investigations  have  shown,  that  there  is  a  different  spectrum  for  the 
perpendicular  direction. 


S^(0) 


03  lS, 
(OLj,  O*)* 


(17) 


The  reason  is  the  selection  of  a  special  direction  of  observing,  if  the  turbulence  component  is  measured  along  the 
flight-path.  This  turbulence  component  is  more  correlated  than  the  perpendicular  ones. 

Other  spectra  are  proposed  by  v.KARMAN,  1936.  These  spectra  are  more  complicated,  as  they  connect  the 
horiiental  part  of  the  power  density  spectrum  in  the  large  scale  range  with  the  -5/3  inertial  subrange.  This 
requires  mere  complex  computational  models.  The  difference  between  the  v.KARMAN  and  the  DRYOEN  model  is 
small  compared  to  the  uncertainty  of  the  turbulence  modele  el  «ll«  to  that  the  DRYDEN  spectrum  is  the  basis  of 
the  following  description  of  a  simulation  model  for  atmospheric  turbulence. 

This  DRYDEN  power  spectrum  is  based  on  two  important  parameters: 

-  tho  variance  of  the  turbulence  velocity  Ow 

-  the  scale  length  of  the  turbulence  velocity  1^. 

In  a  simulation  program,  the  time  is  the  independent  variable.  This  requires  a  transformation  between  the  time 
and  the  spatial  coordinates,  because  a  parameter  like  the  scale  length  is  a  spatial  parameter  which  must  be 
transformed  in  a  time  coefficient.  Using  the  TAYLOR  Hypothesis  (TAYLOR,  1938)  of  a  frozen  atmosphere  the 
DRYDEN  power  spectrum  can  be  transformed  in  the  following  time  dependent  form: 


S<«) 


(17) 


This  DRYDEN  power  density  spectrum  can  be  used  for  simulation  purposes.  The  valid  range  of  frequencies  is 
limited.  For  low  frequencies  a  DRYDEN  power  spectrum  provides  constant  power  density.  Following  our 
assumption  this  low  ferquency  part  of  atmospheric  motion  shell  be  described  by  special  low  frequency  models. 
Other  reasons  for  the  low  frequency  limitations  were  discussed  above.  Due  to  this  assumption  the  DRYDEN  model 
must  be  limited  in  the  low  frequency  area.  On  the  other  hand  the  very  high  frequency  part  of  the  DRYDEN  model  is 
limited.  The  DRYOEN  spectrum  prevides  unrealistic  infinite  variance  of  the  turbulence  velocity  derivatives.  This 
result  is  unrealistic.  There  must  be  a  second  crack  in  the  high  frequency  pert  of  the  power  density  spectrum, 
which  pays  regard  te  the  dissipative  effects.  The  discussion  ef  the  turbulence  description  has  demonstrated,  that 
the  available  models  have  limitations  in  the  valid  range  of  frequencies  end  uncertainties  in  the  question  of 
accuracy.  An  engineering  model  for  aircraft  simulation  purposos  shall  be  discussed  in  the  following  chapter, 
based  on  the  DRYDEN  approximation,  containing  the  uncertainties  and  limited  accuracy. 


In  a  digital  aircraft  simulation  program  the  simple  DRYOEN  power  spectrum  yields  the  basic  requirements  of  a 
tubulence  simulation  model.  It  is  more  important  to  use  roallstic  values  for  the  parameters  scale  length  and 
standard  deviation.  Fig.  13  shows  the  structure  of  a  turbulence  simulation  model  for  calculation  of  vortical 
turbulonco  volocities  in  oarth-fixed  axos.  The  turbulence  velocities  are  generated  In  earth-fixed  axes,  because 
the  parameters  standard  deviation  and  scale  length  for  horizontal  and  vertical  turbulence  are  different  in  the 
boundary  layer  of  tho  ground. 
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Th«  inputs  of  tho  turbuionco  colculotion  modol  oro: 

*  moon  wind  volocity 

-  stobility  of  tho  otmosphoro 

-  hoight  abovo  ground 

'*  tho  torrain  roughnoss 

Tho  moan  wind  volocity  is  prosidod  by  tho  low  froquoncy  wind  modols,  discussod  in  ehaptor  4.2  and  inctudos  tho 
calculation  of  tho  boundary  layor  ate.  This  moan  wind  volocity  causos  tho  intonsity  of  tho  turbulont  fluctuations. 
Tho  socond  important  influonco  is  basod  on  tho  atmosphoric  stability.  If  a  tost  volumo  of  air  is  climbing  in  tho 
otmosphoro,  tho  atmosphoric  tomporaturo  change  with  altitude  dotorminos  wothor  tho  climbing  air  volumo  is 
warmer  or  colder  than  tho  surrounding  otmosphoro.  Depending  on  this  relative  tomporaturo,  tho  tost  volumo  will 
continue  tho  climbing  motion,  if  it  is  warmer  or  will  fall  down  again,  if  it  is  colder  than  tho  surrounding 
atmosphere.  Tho  RICHARDSON  number  Ri  describes  this  effect  of  atmosphoric  stability. 


(18) 


with  g  as  gravity  constant,  dT«/dH  as  actual  tomporaturo  gradient  with  altitude,  Cp  as  specific  heat  at  constant 
pressure  and  dV^/dH  as  vortical  gradient  of  tho  moan  wind  velocity.  Tho  RICHARDSON  number  moans: 

Ri  >  0:  stable  atmosphoric  conditions 

Rl  -  0:  indifferent  atmosphoric  conditions 

Ri  <  0:  unstable  atmosphoric  conditions 

Fig.  14  shows  a  typical  oiamplo  of  tho  influonco  of  atmosphoric  stability  on  tho  turbuionco  conditions.  Tho  figure 
shows  tho  altitude  dspondont  profile  of  tho  wind  volocity,  tho  wind  direction  and  tho  tomporaturo  ,  measured 
during  landing  approach  (SWOLINSKV,  KRAUSPE,  1984).  Close  to  tho  ground  tho  turbuionco  effects  are  visible  in 
tho  wind  velocity  diagram.  Abovo  tho  tomporaturo  inversion,  tho  turbuionco  components  are  nearly  disappearing 
duo  to  tho  damping  offset  of  increased  atmosphoric  stability. 

Tho  height  abovo  ground  has  influonco  on  isotropy  of  tho  turbulence.  Below  altitudes  of  ca.  500m,  tho 
atmosphoric  conditions  are  more  anisotropic  as  tho  vortex  scales  are  more  and  more  limited  by  tho  surface  of 
tho  earth.  Tho  torrain  roughnoss  has  Influonco  on  tho  standard  deviation  of  tho  turbulont  motions. 

Tho  calculation  of  tho  standard  deviation  of  tho  horizontal  turbuionco  components  depends  on  tho  moan  wind 
volocity,  tho  atmosphoric  stability  and  tho  torrain  roughnoss.  Fig.  1$  shews  an  approximation  of  this  dopondonco, 
basod  on  moasuromonts  by  HOU6OL0,  1978.  Tho  value  of  tho  standard  deviation  is  corrected  by  tho  influonco  of 
tho  torrain  roughnoss,  using  a  roughness  factor  Rf-: 


^rauqh  *  ^T  ®Ww««or 


(19) 


Some  values  of  this  factor  are  given  in  tho  following  schodulo: 


torrain  structure 

water 

f.O 

field 

1.1 

forest 

1.15 

flat  mountains 

1.3 

high  mountains 

1.4 

Tho  influonco  of  tho  altitude  is  involved  by  tho  moan  wind  volocity,  which  depends  on  tho  altitude.  Other 
information  about  estimation  of  standard  deviation  is  given  by  PRITCHARD  ot  al.,  1985.  Tho  standard  deviation  of 
tho  vortical  turbuionco  component  depends  on  tho  altitude.  Below  BOO^SOOm,  a  reduction  of  tho  vortical 
component  appears  duo  to  tho  limitation  of  vortical  motions. 

Tho  othoi  basic  parameter  of  tho  turbuionco  spectrum  Is  tho  scale  length,  which  pays  regard  to  tho  froquoncy 
dependent  influences.  This  scale  length  depends  on  tho  height  abovo  ground  and  tho  atmosphoric  stability  (Rg.  18. 
PRITCHARD  ot  al.,1965).  Tho  atmospheric  stability  is  again  damping  tho  turbuionco  offsets.  Stable  conditions 
have  largo  scalo  longhts,  i.o.  low  energy  of  high  froquoncy  components.  Tho  other  important  effect  is  tho 
reduction  of  scalo  length  below  ca.  300m.  This  moans  more  energy  in  tho  high  frequency  eompononts  of  tho 
turbuionco  close  to  the  ground  and  has  influonco  on  tho  aircraft  reaction,  as  tho  acceleration  duo  to  tho 
turbulence  is  increasing  close  to  tho  ground.  On  tho  other  hand,  tho  reduction  of  standard  deviation  is 
compensating  parts  of  those  offsets. 

For  small  heights  abovo  ground  it  is  necessary  to  pay  regard  to  tho  difforoncoo  between  horizontal  and  vortical 
turbuionco  eompononts.  Duo  to  tho  influonco  of  tho  ground  tho  turbuionco  eompononts  In  horizontal  and  vortical 


direction  Ar«  different.  V«ry  clo«»  to  tho  ground  tho  vortical  com^nont  io  noarly  zoro.  Tho  paramotors  standard 
doviation  and  oealo  tongth  must  bo  ealeulatod  doponding  on  tho  horizontal  paramotors  and  tho  hoight  above 
ground.  Fig.  17  shows  tho  rotation  of  scalo  iongth  for  horizontal  and  vortical  turbulonco.  Tho  calculation  of 
standard  doviation  of  vortical  turbulonco  is  based  on  a  similar  dopondonco. 

Aftor  this  calculations  both  paramotors  standard  doviation  and  acalo  langth  for  horizontal  and  vortical  turbulonco 
compononta  ara  known  and  it  is  possiblo  to  uao  a  normal  diatributod  whilo  noiao  random  signal  of  a  digital  random 
nolao  gonorator  to  produco  tho  timo  atoppad  turbulonco  olgnal  with  a  DRVDEN  powor  danaity  spoetrum.  Tho 
TAYLOR  Hypothosis  is  uood  to  transform  tho  apaco  dapandant  scala  langth  in  a  tima  dapondont  paramator.  Tho 
volocity  eompononts  aro  producad  in  oarth-fizad  axaa  bocauoa  of  tho  dopondonco  of  tho  paramotors  standard 
doviation  and  ocaio  Iongth  on  horizontal  and  vortical  diroction. 

This  simulation  modol  providos  tho  basic  offsets  of  atmoophoric  turbulanco.  But  tharo  is  still  a  lot  of  lack  in  tho 
knowlodgo  about  turbulonco  mochanism  and  onginoaring  modois.  Tho  main  affoct  of  tho  turbulonco  on  tho  aircraft 
motion  shall  ha  discussod  in  HAHN  at  al.,  1988. 


Tho  doscription  of  turbulonco  was  solvad  using  tha  tools  for  random  procossos.  Tho  definition  of  gusts  is  a 
mixturo  of  stochastic  and  datorministic  itoms.  Tho  gust  itsolf  is  o  dotorministie  sffoct,  but  tho  appoaraneo  of  a 
discroto  gust  is  a  random  procoss.  Tho  koy  to  tho  onginoaring  modal  of  gusts  is  again  tho  question  about  tho 
physical  source. 

Atmoophoric  turbulonco  is  a  random  procoss  which  has  no  special  aiignmont  in  horizontal  or  vortical  diroction,  it 
is  approximatoly  an  isotropic  phonomon.  Tho  appoaraneo  of  gusts  on  tho  other  hand  is  caused  for  oxampio  by 
thermic  offocts.  If  tho  sun  heats  tho  air  closo  to  tho  ground  a  bubble  of  warm  air  will  soporato  and  movo  through 
tho  atmosphoro  in  vortical  diroction.  This  is  a  dotorministie  offset.  But  if  an  aircraft  oncountors  this  bubblo  of 
climbing  air.  tho  appoaraneo  of  tho  gust  toams  to  bo  a  stochastic  offset.  Other  phenomena  aro  wokot  duo  to  hills 
or  mountains  or  lomporaturo  inversions  fETKIN,  1980). 

A  wall  known  mothomatical  modol  of  a  gust  it  the  1-cos-modol,  which  is  tho  basis  of  tho  FAR  Part  23  end  tho  MIL 
8785  spocificotions.  Other  models  like  tho  gust  stop  or  tho  short  romp  guat  ara  basod  on  thoorsticai 
considorations.  Tho  advantages  in  mathomatical  description,  ospociolly  paying  regard  to  tho  LAPLACE 
transformation,  aro  ovidont. 

Tho  mathomatical  doscription  of  those  modois  is  simple  end  shell  not  bo  discussed  in  detail.  The  gust  modais  aro 
used  in  tho  structural  design  to  calculate  tho  maximum  load  of  tho  wing  for  oxampio.  For  tho  design  of  automatic 
control  system,  tho  gust  modois  roprosont  tho  maximum  perturbations.  For  more  dotailod  modelling,  there  aro 
approximations  for  thermal  offocts,  which  aro  more  cemplicatod. 

Concluding  tho  short  scale  effects  moans,  that  tho  influence  on  aircraft  troioctory  is  smell  duo  to  tho  inertia  of 
tho  aircraft,  which  providos  a  lag  offset  in  turbulonco  roactions. 


In  the  planetary  beundary  layer  wind  shear  can  exist  under  a  broad  variaty  of  weather  conditions.  In  addition  to 
tho  ordinary  planetary  beundary  layer  wind  shear,  shown  in  Fig.  1.  there  aro  throe  basic  wind  conditions  which 
may  influence  aircraft  flight  path  during  tako'^off  and  landing  (Fig.  18):  downbursc  and  microburst  calls  in 
connection  with  thunderstorm  activities,  or  high  cumulus  clouds,  fast  moving  cold  or  warm  fronts,  and  tho  low 
lovol  jot. 


In  general  tha  planetary  boundary  layer  is  dovidod  into  two  difforont  horizontal  layers  (Fig.  19).  The  surface  layer 
(tho  so  called  PRANDTL-layor)  is  tho  lower  portion  of  tho  atmospheric  friction  layer.  Tho  PRANDTL*'laysr  extends 
up  to  50-100  m  above  tho  surface  and  describes  a  region  of  approximatoly  constant  shearing  strass  and  only 
small  eorlotion  in  wind  direction.  Above  this  layer  fhoro  is  a  region  of  transition  from  tho  disturbed  flow  near  tho 
surface  to  tho  frictionless  free  atmosphere.  Thie  height  is  considerably  variable;  it  can  go  up  to  more  than  1000 
m.  There  aro  a  number  of  modole  for  tho  moan  wind  profile  valid  for  tho  PRANOTL-layer. 

The  moat  widely  used  profile  for  this  layer  is  the  PRANDTL's  logerithmic  wind  profile  (Fig.  20,  curve  al.  In  this 
case  the  wind  speed  with  respect  of  hoight  is  a  function  of  roughness  length  Sq  friction  velocity  u  •  (oq. 
(16)). 


Vw 


u» 

k 
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As  tho  logarithmic  law  is  valid  only  for  adiabatic  atmoophoric  conditions  many  other  modois  havs  boon  dovoiopod 
for  tho  case  of  nen-adlabatic  conditions.  Most  of  thorn  aro  applications  of  tho  MONIN-OBUKHOV  similarity  theory 
with  difforont  universal  functions.  The  well  known  logerithmic-linear  profile  is  a  simple  »orm  ef  this  approach.  In 
this  ease  a  Mnaar  with  haight  varying  term  ia  added  to  PRANDTL's  adiabatic  profile,  doponding  on  stability  of  the 
atmoophoro  (Fig.  21). 


One  ef  tho  meet  simple  and  for  flight  simulation  widely  ueed  empirical  wind  modal  ie  doecribod  by  tho  powor  law 
(FIf.  20.  curve  h).  The  exprossien  In  eq.  (19)  refere  to  the  wind  speed  at  reference  altitude  H^^f. 
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•  ''w.R.f  (U^) 


(19) 


Vw 


Th«  •xpon«nt  m  d«p«nds  on  ourfaco  roughnoaa  and  stability  of  tho  atmoopharo.  Fig.  22  illuatratos  that  tho  powor 
law  givoa  a  good  approaimation  of  maasurod  wind  profilaa  up  to  aoma  hundrad  matara  of  haight.  Furtharmora  this 
figura  damonatratas  that  tha  naglaetion  of  wind  diraction  changa.  aa  eonsidarad  for  tha  PRANDTL-layar,  is  not 
ganarally  valid  for  tha  whola  boundary  layar.  In  principla  tha  wind  diraction  is  changing  elockwiaa  on  northarn 
hamisphara  from  tha  rotating  surfaca  of  tha  aarth  to  tho  boundary  layar.  Tha  changa  of  diraction  is  axtramoly 
variablo,  making  any  quantitativa  invaatigationa  ratbar  difficult. 

Tha  first  thaoratical  study  of  wind  vaaring  for  laminar  flow  condition  lad  to  tha  wall  known  EKMAN'^spiral.  But  it 
givoa  only  a  quantitativo  daacription  of  diraction  chango  with  raapact  of  haight.  A  aimpla  approximation  for  tha 
turbulant  flow  typo  has  boon  publiahad  by  PRANOl^  (PRANDTL.  19B5).  This  approach  aaama  to  ba  auitabla  for 
application  in  flight  simulation.  In  aq.  (20)  tha  daviation  from  tha  wind  diraction  of  fraa  atmosphara  dapanda  on 
thicknoaa  of  tha  boundary  layar  H  q  and  tha  diffaranca  batwaan  diraction  of  gaoatrophic  and  surfaca  wind  **w.o 
<sn  Fig.  23); 


(20) 


=(i-T5jL|.  tan  AXw.o 

Tha  datarmination  of  tha  angla  AXvu.o*  B'van  in  aq.  (21)  •  is  a  function  of  tha  powar  law  axponant  m: 


tanAX^  O"  ynTfm^^ 


(21) 


In  tha  casa  of  missing  information  about  tha  diraction  of  gaoatrophic  wind  and  tha  haight  of  tha  boundary  layar,  a 
simpla  darivation  of  PRANOTL'a  law  (aq.  (20))  can  ba  mada  for  fitting  maasurad  wind  diraction  profiles: 


(  H-H.  \ 
V  H,-H„  ) 


tanAXv# 


(22) 


with 


AXw  *  Vi  -  ^22*^ 

AXw  I*  vaaring  angla  batwaan  wind  diraction  at  haight  Hy  and  H|. 

Soma  axamplas  for  tha  comparison  batwaan  modal  and  maasuramant  ara  illustratad  in  Fig.  22. 


Tha  shapa  of  wind  profilas  can  ba  influancad  by  matoorological  and  orographic  conditions  Nka  inhomoganity  of  tha 
atmosphara  and  tha  terrain,  which  cannot  ba  pointed  out  In  detail  in  this  paper.  An  illustration  of  tha  influanca  of 
tamparatura  inversion  on  wind  spoad  and  wind  diraction  Is  given  in  Fig.  24.  This  affects  can  ba  modalad  by  partial 
variation  of  tha  paramatar  af  tha  power  law  or  by  use  of  tha  low*‘lava  l-|at  modal,  dascribad  below.  Tha  second 
example  (Fig.  25)  describes  tha  influanca  af  vartaX'>offacts  on  boundary  layar  wind  profilas.  Tha  vortices  may  ba 
caused  by  laa-affacts  of  obstacles  Ilka  mountain  ridges,  buildings  or  by  wake  vortices  of  aircraft.  A  mathematical 
description  of  tha  tangential  valacity  in  a  spreaded  vortex  (SCHLICHTING,  1982)  is  shown  In  aq.  (23). 


U.,.(r,t)  «  (l  -  )  (23) 

It  depends  an  circulation  Fp.  the  distance  r  from  tho  core  of  vortex,  tha  dynamic  viscosity  s  and  tha  time  since 
formation  of  tha  vortex.  Suparpasing  a  velocity  field  of  the  vortex  and  a  boundary  layer  wind  speed  profile  tha 
wind  valacity  like  the  example  of  maasuramant  in  Fig.  29  can  ba  p'*‘»ducad  (Fig.  28). 


Tha  term  “law  level  Jet*  is  used  to  describe  wind  phonomona  sf  tha  lower  part  of  tha  boundary  layar, 
characterising  Jet  like  wind  profilas  with  a  tow  altitude  wind  maximum.  This  kind  of  wind  profiles  has  bean 
observed  in  cannactian  with  specific  local  terrains,  thermal  affects  in  mountain  valley  raglans,  frontal  activities, 
and  tha  nocturnal  boundary  layar.  Usually  tho  nocturnal  low  level  )at  is  la  ba  found  in  tho  time  botwoon  lata 
afternoon  and  morning  under  clear  nocturnal  aky  when  a  strong  radiation  tamper aturo  inversion  davalods. 
Because  af  tha  strong  stability  In  the  Inversion  layer  friction  disappears  and  the  unbalanced  CORIOLIS  and 
prosaura  gradient  forces  produce  an  acceleration  of  wind  speed.  BLACKEOAR  (BLACKEDAR,  1957  )  describes  the 
avalutlen  of  lew  level  Jot  aa  a  nen-statlanary  praceas,  srhore  tho  vector  difference  setwoon  the  actual  wind  and 
the  geestrephic  wind  Is  rotating  nearly  circular  around  the  geestrephic  wind  (Inertial  escillatlen.  see  Fig.  27).  In 
the  northern  part  of  Germany  tha  law  level  Jet  can  be  found  appreximatoly  In  10S  af  all  nights.  Rg.  2B  shews  a 
typical  low  levol  Jet  sample  racerdad  during  a  wind  ahear  measuring  project  by  means  af  a  LUFTHANSA  AIRBUS  A 
900.  Investigations  In  the  plains  of  northern  Germany,  carried  out  ^  two  900  m  high  meteereleglcal  towers 
(ROTTMEIER,  1982),  shew  a  cycle  period  af  14.5  hours  for  the  inertial  escillatlen.  During  taka-eff  and  landing 
approach  the  critical  sene  of  wind  shear  is  passed  In  etdy  one  or  two  minutes.  In  this  case  the  temporal  evolution 
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is  not  rolovant  and  modoling  can  eoncantrata  on  quasi-’^stationary  anginaaring  modals.  Valocity  prof  Mas  Mka  low 
faval  jot  wind  profMas  hava  baan  obsarvad  in  fluid  dynamic  rasaarcb  of  fraa  jat  and  wall  |at  (REICHARDT,  1951  ). 
As  a  rough  low  lavel  jet  approximation  (SWOLINSKY.  1966)  a  suparposition  of  a  boundary  layar  profila  and  a  plane 
fraa  jat  ¥aioclty  profila  la  usad  (saa  Fig.  29  and  aq.  (24)). 

Dascribing  tha  wind  diraction  with  raapact  of  height  a  proceeding  similar  to  the  magnitude  of  wind  speed  is  used, 
i.a.  tha  suparposition  of  a  suitable  function  to  tha  diraction  profila  of  tha  boundary  layar  (aq.  (5))  is  intended.  The 
principle  procedure  Is  illustrated  in  Fig.  30  and  aq.  (25). 

For  a  large  number  of  data  records  a  comparison  of  moasurad  data  with  modeled  low  level  jat  has  bean  carried 
out  (SWOLINSKY,  1966).  Tha  examples  of  tower  (Fig.  31)  and  aircraft  data  (Fig.  32)  are  in  good  agreement  with 
the  modal. 


During  tha  passage  of  fast  moving  cold  or  warm  fronts  considerable  wind  shears  may  davalope  due  to  changes  of 
wind  diraction  ahead  and  behind  tha  frontal  line.  Especially  strong  fronts  with  sharp  transition  zones  may  effect 
aircraft  operation.  Fig.  33  illustrates  tha  principle  davalopmant  of  meteorological  parameters  like  wind  spaed, 
wind  diraction,  tamparaturo,  and  atmospheric  pressure  during  tha  passage  of  a  frontal  system  (cyclone).  In  the 
range  of  tha  warm  front  warm  air  displaces  tha  cold  air  by  sliding  upon  tha  cold  air  situated  ahead  the  front  line. 
Tha  maximal  change  of  wind  direction  is  about  90  dagraae.  In  tha  following  cold  front  zona  cold  air  is  flowing 
beneath  tha  warm  air  ahead  to  tha  front  line.  Tha  wind  direction  changes  of  about  135  degrees.  A  wind  spaed 
change  of  about  15  m/s  and  a  vertical  wind  spaed  of  4  m/s  (updraft)  can  be  observed.  In  principle  similar 
conditions  as  dascribed  for  cold  fronts  are  to  be  found  in  gust  fronts  in  connection  with  a  thunderstorm  outflow. 

A  mathematical  description  of  the  local  velocity  field  in  tha  front  lino  region  can  be  generated  by  suparposition  of 
vortex  induced  flow  velocities.  Tha  principle  proceeding  is  shown  in  Fig.  34. 

Another  approach  is  based  on  a  fluid  dynamic  description  of  straamsurface  bifurcations.  Local  solutions  in  the 
vincinity  of  stream  surface  bifurcation  lines,  obtained  by  HORNUN6  at  a)..  1984,  can  be  adapted  and  modified  for 
tha  problem  of  modeling  frontal  wind  shear.  An  example  for  a  simulated  frontal  velocity  field  is  shown  in  Fig.  35. 
Tha  lower  part  of  this  figure  illustrates  magnitude  and  direction  of  the  wind  vector  along  a  S^-glide  slope, 
compared  with  measured  data  (ELLIS  at  al.,  1976). 


The  thunderstorm,  with  typical  effects  like  strong  downdraft,  flash  lights,  and  hail  showers,  is  well  known  to  be 
dangerous  to  aviation.  Fig.  36  shows  a  typical  thundorstorm  outflow  of  cold  air,  the  so  called  downburst.  Near  to 
the  ground  the  vertical  air  flow  changes  to  a  horizontal  outflow  with  increasing  distance  to  the  cell.  The  outer 
boundary  of  the  horizontal  wind  shear  can  extend  to  a  range  of  up  to  20  km.  A  number  of  fatal  and  near*fatal 
accidents  in  the  last  20  years,  which  have  been  attributed  to  the  thunderstorm  wind  phenomena,  initiated  world 
wide  research  activities  in  hazard  Investigations  and  downburst  modeling.  As  dynamic  meteorological  models  are 
in  general  too  extensive  to  bo  used  in  real  time  flight  simulations  more  simple  basic  modeling  techniques  are 
used.  One  method  is  the  construction  of  wind  components  from  measured  data  by  interpolation  between  the  grid 
points  (BARR  et  al.,1974  ).  The  second  technique  for  the  generation  of  downburst  wind  fields  is  based  on 
relatively  simple  fluid  dynamic  approaches.  Some  of  them  are  presented  below. 

ETKIN  and  ZHU  (SHANQXIANG  et  al.,  1983)  have  developed  a  3-‘dimensional  downburst  mode)  using  circular 
doublet  sheets  of  variable  intensity  (Fig.  37)  while  WOOOFIELD  and  WOOD  (WOODFIELD  et  al.,  1983)  suggest 
two  ring  vorticos  (Fig.  38).  Another  3''dimensional.  axially  symmetric  downburst  model,  suggested  by  BRAY 
(BRAY,  1965  ).  is  illustrated  In  Fig.  39. 

As  the  downburst  produces  a  flow  like  a  vertically  downward  directed  jet,  which  spreads  out  horizontally  as  it 
approaches  the  ground,  KRAUSPE  (KRAUSPE,  1963)  usos  steady  jot  flow  toward  a  stagnation  point. 

Each  of  this  models  describes  more  or  less  the  flow  field  of  the  pure  core  of  the  downburst.  A  critical  point  is 
the  flow  field  in  the  vincinity  of  the  core  because  of  the  occurence  of  severe  wind  shear  in  this  area.  However, 
there  is  unsufficient  information  about  the  flow  field  in  this  region.  The  stagnation  point  model,  shown  in  a 
vertical  cross  section  through  tho  centre  of  the  downburst  model  in  Fig.  40,  has  been  complemented  by  zones  of 
vincinity  and  transition  flow.  Experimontal  results  show  that  the  flow  field  in  these  zones  may  be  very  complex, 
which  could  not  be  taken  in  account  in  this  model  up  to  now. 

For  the  modeling  of  a  downburst  wind  field  including  tho  mean  flow  of  the  gust  front.  Fig.  41  shows  the  result  of 
the  superposition  of  24  sproaded  vortices  in  combination  to  the  same  number  of  image  vortices  (SWOLINSKY. 
1966).  The  centre  of  vortices  are  positioned  along  a  stream  lino  of  tho  downburst  cell  (2->dimensienal  model).  In 
the  case  of  a  3-dimonsional  mode,  ring  vortices  are  used  instead  of  fiat  v»i  tices  (see  Fig.  42  resp.  BAUSCHAT, 
1968).  The  real  time  capability  for  flight  simulation  was  vorifiod  using  a  prior  VAX'Computer  for  the  aircraft  and 
wind  model  with  sample  rate  of  20  Hz. 

Each  model  has  its  advantage  for  the  approximation  of  moasurod  wind  fields  and  may  be  choosen  with  respect  to 
the  specific  problem. 


There  are  two  essential  effects  caused  by  a  hill: 

1.  The  hill  induces  a  dewnwind  at  its  lee  side.  This  fact  leads  to  a  reduced  flight  path  angle  compared 
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with  th«  e4t«  of  no  obotocio  influonco  on  tho  ntmoophorie  flow  conditiono . 

2.  During  4  norm4l  tnko-off  in  4  boundnry  Inyor  th*  hondwind  rioos  with  tho  height  obovo  tho  ground. 
While  flying  etong  e  hill  ehepe  the  ground  level  eleo  oecende.  Therefore  the  height  rioee  mere  slowly 
end  to  dost  the  heedwind.  But  e  tmoller  heedwind  leede  to  o  tmeller  flight  peth  engle. 


An  edditionel  effect  it  eeuted  by  the  chenge  in  turfoce  roughnete.  Normelly  In  the  tree  surrounding  4  runwey  you 
will  find  grots  ond  fields.  Therefore  the  turfoce  roughness  is  smell.  On  hills  normelly  there  ore  woodlonds  end 
forests  with  higher  turfoce  roughness.  This  meons  the  windspeed  neor  to  the  ground  will  slow  down  from  runwey 
to  hill.  Thus  the  obove  described  influence  of  o  smeller  heedwind  is  intensified. 

The  model  of  flow  over  o  flot  hill  is  bosed  on  the  potentiol  flow  oround  o  symmetricol  cylinder,  on  whith  the 
otmospheric  boundory  loyer  described  by  eg.  (IB)  Is  superimposed  to  implement  the  effect  of  friction  (HAHN,  Nov. 
1986).  The  friction  velocity  u*  in  eg.  (fB)  is  colculotod  by  o  given  reference  wind  ot  o  reference  height  Hr*r- 


u* 


(24) 


For  the  determinotion  of  the  friction  velocity  the  reported  wind  is  chosen.  The  reported  wind  is  defined  4S  the 
officiel  meesured  wind  et  the  eerodrome.  It  is  on  ovorege  of  (he  horizontel  wind  which  is  normelly  determined 
every  fifteen  minutes.  So  uwr*f  ‘  **  height,  where  the  reported  wind  is  meesured. 


The  flow  over  4  flet  hill  is  represented  by  tho  potentiol  flow  eround  e  symmetricol  cylinder.  Thus  every  streemline 
con  be  token  os  o  solid  woll  devoid  of  ony  influence  on  the  configurotion  of  flow  (see  Fig.  43).  So  every  streemline 
eon  be  chosen  os  o  hill's  shops.  The  flow  streom  function  oround  o  symmetricol  cylinder  is 


T(ip.ip)  «  Up.  ■ 


(25) 


In  the  obove  equotlon  ip  end  Zp  define  the  coordinote  system  of  the  potentiol  flow  with  its  origin  in  the  cylinder 
OKis  (see  Fig.  43).  R  is  the  rodius  of  the  cylinder  ond  Up^  is  the  undisturbed  flow  velocity  for  owoy  of  the 
cylinder.  For  eoch  position  the  velocity  of  the  potentiol  flow  Vp  con  be  computed.  Stipuloting  thot  the  potentiol 
flow  ot  the  position,  where  the  reference  wind  profile  is  defineo,  hos  to  be  eguol  to  the  boundory  loyer  of  eg.  (18) 
for  eoch  streemline  o  foctor  con  be  determined  to  describe  the  influence  of  the  friction 


HT)  a 


(26) 


In  the  above  eguotion  Up  is  the  horizontol  component  of  the  potential  flow  velocity.  The  factor  f(T)  is  assumed  as 
constant  for  eoch  streamline.  The  velocity  in  consideration  of  the  boundory  loyer  is  defined  as  the  wind  Vw 


Vw(«g.H)  *  f(T)*  Vp(t,,H). 


(27) 


The  inclination  X  streamline  con  be  calculated  by 


tonX(ig.H)  a 


Up(«,.H) 


(28) 


where  Wp  is  the  vertical  component  of  the  potentiol  flow  velocity.  TSe  components  of  the  wind  over  the  flot  hilt 
then  become: 


horizontol  wind:  Uy^pliptH)  s  Vw(Sg*ff)'c<>sX  (29) 

vertical  wind:  ^  V^ti^.HI'sInX  (30) 

For  drawing  comparisons  computations  with  a  finite  difference  technique  are  used  to  solve  the  equation  of  the 
non  compressible  steady  turbulent  boundary  layor  (KNORR,  1962).  From  Fig.  44  we  can  gather  that  the  simple 
model  of  the  above  described  flow  ovor  a  hill  is  a  good  approilmation. 

The  shape  of  (he  hill  model  can  be  described  by  a  shape  factor 


S 


(31) 


It  can  vary  between  0  a  S  4  1  (Fig.  45).  For  Sal  the  hill  has  the  shape  of  an  arc  if  a  circle  and  for  $>0  we  have 
a  horizontal  plane. 

The  chenge  of  surface  roughness  is  realized  by  a  variation  of  the  reference  wind  profile  defined  by  eg.  t?.  As  a 
simplification  it  can  be  aeeumed  that  the  surface  roughness  changes  linearly  from  runway  to  hill.  When  a 
discontinuity  in  surface  roughness  occurs,  tho  wind  will  change  its  profile  with  a  time  delay  to  the  shape 
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belonging  to  tho  now  roughnoss  (FROST  ot  oL,  197T).  Thio  doloy  con  bo  tokon  into  account  by  choosing  a  highor 
surfaco  roughnoss  for  tho  aroa  around  tho  runway  than  it  wHI  bo  in  roaiity.  Tho  rosulting  wind  profilos  and 
stroamlinos  simulatod  by  tho  doscribod  modot  aro  shown  in  Fig.  46. 


Wind  shoar,  downdraft  and  turbulanco  can  ondangor  tako-off  and  landing  approach.  Tho  offocts  of  wind  rosults  in 
a  modifiod  dynamic  rosponso  of  tho  aircraft  as  wall  as  in  flight  porformanco  variation.  In  oach  caso  flight  path 
doviation  can  occur,  moro  or  loss  controllod  by  tho  pilot.  For  tho  analysis  of  tho  aircraft’s  bohaviour  in  changing 
wind  fiold,  a  mathomatical  modal  of  tho  aircraft  is  usod  including  tho  wind  offocts.  It  can  bo  said,  that  gusts  and 
turbulanco  will  havo  moro  influoneo  on  tho  pilot's  work  load  and  his  raaction  to  this  short  seals  wind 
disturbancos.  Largo  seals  wind  variations  can  produco  significant  flight  paths  rospoctivoly  safoty  probloms.  An 
important  aspact  for  tho  flight  safoty  is  tho  onorgy  situation  of  an  aircraft  affoctod  by  wind.  Thoroforo  this  is 
choson  as  a  usoful  critorion  for  tho  dotorminatlon  of  tho  influoncaos  of  tho  wind  and  wind  variation. 
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Summary 

The  declining  cost  of  computing  power  and  memory  has  enabled  avionic  manufacturers  to  develop  sophisticated 
airborne  computing  systems.  One  of  the  most  complex  aircraft  systems  on  modern  air  transport  aircraft  is  the  Flight 
Management  Computer  System  (FMCS).  The  FMCS  has  reduced  pilot  workload  by  taking  over  the  more  mundane 
but  complex  functions  -  such  as  calculating  the  most  economical  speed  -  and.  together  with  improvements  m  cockpit 
displays  and  monitoring  systems,  has  allowed  the  transition  from  the  three  to  two  crew  airline  cockpit. 

The  FMCS  can  compute  the  most  economical  path  from  one  airport  to  another  and  then  fly  the  aircraft  along  that 
path.  To  achieve  this  the  computer  must  be  able  to  select  the  most  economical  speed  schedules  for  each  phase 
of  flight,  then  predict  the  complex  vertical  and  horizontal  profile  that  the  aircraft  would  fly  and,  when  connected  to 
the  aircraft's  autopilot,  control  the  aircraft  along  that  three  dimensional  flight  path.  The  fonh  dimension  of  time  can 
also  be  selected  as  a  control  criteria,  and  the  FMCS  will  compute  the  speed  schedules  and  flight  path  based  on  a 
required  time  of  a  arrival  at  a  selected  point  along  the  flight  plan,  in  addition  to  reducing  pilot  workload,  air  traffic 
control  efficiency  is  increased  because  the  airborne  navigation  data  base  can  be  used  to  select  and  accurately  fly 
published  arrival  and  departure  procedures  without  supervision  from  the  ground  controllers. 

This  paper  describes  the  algorithms  used  for  the  Smiths  Industries  737  FMCS  prediction  and  control  functions,  it 
identifies  the  requirements  for  successful  implementation  and  some  of  the  difficulties  that  may  be  encountered 

1  Introduction 

In  the  deregulated  USA  airline  environment  there  was  a  need  to  reduce  operating  costs  by  improving  fuel  efficiency 
and,  where  possible,  by  reducing  the  flight  crew  from  three  to  two.  This  was  the  impetus  tor  the  aircraft  manufacturers 
to  increase  the  avionic  capability  of  new  aircraft  and  thus  decrease  pilot  workload.  A  completely  new  aircraft  system 
that  was  developed  as  a  result  of  this  cockpit  revolution  was  the  Right  Management  Computer  System  (FMCS) 

1.1  Operational  Overview 

The  FMCS  is  composed  of  one  or  two  Flight  Management  Computers  (FMC)  which  contain  the  computing  hardware 
and  software.  One  unit  may  be  installed  if  independent  navigation  is  not  required  or  if,  as  on  the  Boeing  737-300.  an 
alternate  “back  up”  navigation  system  within  the  control  display  unit  is  provided.  A  dual  FMC  system  is  installed  on 
long  haul  aircraft  where  the  loss  of  the  primary  navigation  system  would  be  unacceptable.  Two  Control  Display  Units 
(CDU)  are  also  provided  as  an  integral  part  of  the  FMCS  and  are  used  by  the  pilot  and  copilot  to  communicate 
This  paper  describes  the  FMCS  installed  on  the  737-300(400/500  aircraft  and  represents  one  example  of  a  unit 
meeting  ARINC  specification  702.  The  FMCS  on  other  aircraft  have  basically  the  same  capabilities  but  may  differ  in 
the  way  they  are  implemented.  Also  it  is  the  nature  of  an  FMCS  development  (and  a  tribute  to  flexibility  of  the  FMCS 
design)  that  capabilities  of  the  system  tend  to  grow  and  evolve  after  the  initial  certification  of  a  new  aircraft  model 
This  description,  therefore,  should  be  considered  a  snapshot  of  a  particular  design  at  a  certain  point  in  time 

1.2  System  Capabilities 

As  its  name  suggests  the  FMC  system  is  responsible  tor  all  aspects  of  flight  management,  these  fall  into  one  of  the 
following  functional  areas: 

NavIgMkin  This  function  uses  aircraft  sensors  such  as  the  aircraft  inertial  reference  system,  etc.  and  the  internal 
FMCS  navigation  data  base  to  generate  an  accurate  estimate  of  aircraft  position  and  velocity.  This  function  also 
autolunes  the  aircraft's  navigation  radios. 

Fllgitl  Planning  Accepts  and  interprets  pilot  entries  of  flight  plan  data  using  an  alpha  numeric  keyboard  and  display 
The  pilot  may  enter  any  of  the  following  to  generate  the  desired  flight  plan: 

•  Waypoints  -  Predafermined  or  pilot  entered  points  on  the  ground,  navaids,  airports,  etc.  can  be  selected 
by  name  and  the  position  of  these  poirrts  are  retrieved  from  the  navigation  data  base.  The  pilot  can  also 
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define  his  own  waypoints  using  latitude  and  longitude  and  bearing/distanoe  or  bearing/bearing  definitions 
from  other  waypoints. 

•  Company  Routes  -  Predefined  lists  of  waypoinfs  that  correspond  to  normal  airline  routes. 

•  Departures  and  Arrivals  -  Single  key  selection  of  standard  airport  departure  or  arrival  procedures,  ap¬ 
proaches,  runways  and  transitions. 

•  Airways  -  Lists  of  waypoints  on  published  airways. 

All  these  entries  are  combined  to  form  a  complete  airport  to  airport  flight  plan  waypoint  list.  This  list  is  used  by 
other  functions  in  the  FMCS  but  can  be  easily  modifi^  by  the  pilot  at  any  time  during  the  flight. 

Dfeplay  Support  Data  transmission  to  the  electronic  flight  instrument  system  (EFIS)  of  navigation  data  base  informa¬ 
tion,  flight  plan  and  aircraft  situation  (position,  track,  wind.  etc.). 

Performance  The  FMCS  contains  a  complete  airframe  and  engine  model.  These  models  are  used  to  generate  the 
following  aircraft  and  engine  specific  data: 

•  Throttle  limits. 

•  Thrust  and  drag  for  defined  throttle  settings  and  environmental  conditions. 

•  Optimum  speeds  and  altitudes 

•  Maximum  and  minimum  speeds  and  altitudes 

PredIcUons  An  accurate  emulation  of  the  aircraft's  tour  dimensional  track  in  space.  It  provides  an  estimation  of: 

•  Fuel  remaining  at  each  waypoint  and  at  the  destination. 

•  Speed  and  altitude  at  each  waypoint. 

•  Estimated  Time  of  Arrival  (ETA)  at  each  flight  plan  waypoint. 

These  dynamically  updated  predictions  give  a  valuable  indication  of  the  effects  of  temporary  or  permanent 
modifications  made  by  the  pilot  (such  as  raising  cruise  altitude)  or  changing  environmental  conditions  (such  as 
iitcreasing  headwind). 

Control  When  connected  to  the  aircraft's  autopilot  system  the  FMCS  will  automatically  fly  the  predicted  flight  plan 
The  FMCS  will  use  vertical  and  horizontal  steering  commarKis  and  speed  target  commands  to  direct  the  aircraft 
to  the  flight  plan  and  to  maintain  predetermined  profile  from  take-off  to  glideslope  intercept  at  the  destination. 

1.3  Aircraft  sensors 

The  FMCS  relies  on  multiple  aircraft  sensors  for  the  accuracy  of  its  navigation  and  control.  For  this  reason  the 
optimum  sensor  configuration  tor  maximum  accuracy  should  be  available  on  the  aircraft.  This  should  include  a  mix 
of  long  term  and  short  term  accurate  position  sensors  for  navigation  arxi  accurate  attitude,  altitude  speed  sensors  lor 
control.  A  typical  sensor  suite  would  be  as  follows: 

Poeftfon  •  Short  term  accuracy  Most  modem  aircraft  are  equipped  with  dual  or  triple  Inertial  Reference  Units  (IRUs) 
These  units  contain  ring  laser  gyros  which  provide  excellent  attitude  information  and  position  information  but 
will  tend  to  drift  as  the  flight  progresses  at  a  rate  of  up  to  2  Nautical  miles  per  hour. 

Poatttlon  •  Long  term  accuracy  An  accurate  position  over  the  length  of  the  flight  is  essential  for  correct  operation. 
This  can  be  provided  from  any  of  the  following,  singularly  or  in  combination: 

•  Distance  Measuring  equipment  (DME)  -  can  be  used  in  pairs  to  provide  an  accurate  triangulated  position. 
Only  available  on  flights  within  direct  line  of  sight  of  the  ground  equipment. 

•  VHF  Omnibearing  Range  (VOR)  -  can  be  used  with  a  DME  to  provide  a  less  accurate  angle  and  distance 
based  position 

•  Global  Positioning  System  (GPS)  -  Uses  satellites  to  provide  a  very  accurate  position.  Available  worldwide 
when  all  satellites  are  operational. 

•  Omega  and  LORAN  -  Less  accurate  but  almost  worldwide  radio  based  systems. 

The  relatively  long  time  between  recalculations  of  these  long  term  sensors  means  that  they  cannot  normally 
be  used  as  the  sole  source  of  navigation  data  but  the  combination  of  long  and  short  tenn  sensors  provides  a 
balanced  configuration. 

Attnude  The  IRUs  provide  very  accurate  attitude  information  and  the  addition  of  a  Air  Data  Computer  (ADC)  provides 
the  complementary  long  term  altitude  and  speed  data  stability  required  for  the  FMCS  control  function. 

1.4  PMC8  displays 

The  primary  display  and  entry  unit  of  the  FMCS  is  the  control  display  unit  (CDU).  Two  CDUs  are  normalty  provided 
In  the  cockpH  and  allow  independent  access  to  the  FMCS.  A  typical  CDU  is  shown  in  Figure  t  and  is  composed  of 
the  following; 
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•  A  multi-line  display  unit  with  multi-function  line  select  keys  (LSKs)  along  each  side.  The  display  is  used  to 
present  alphanumeric  data  which  can  be  selected  and  entered  using  the  LSKs. 

•  Mode  keys  that  are  used  to  select  different  pages  of  information. 

•  An  alphanumeric  keyboard  that  is  used  to  enter  data. 

In  addition  to  the  CDU,  the  EFIS  provides  a  graphical  presentation  of  the  flight  plan  and  the  progress  along  the  flight 
plan  and  is,  therefore,  an  important  FMCS  display  interface  to  the  pilot. 


2  Predictions 

An  important  function  provided  by  the  FMCS  is  the  emulation  of  the  entered  flight  plan  profile  and  the  prediction  of 
aircraft  parameters  at  points  along  that  profile.  When  the  required  minimum  amount  of  information  has  been  entered 
about  the  proposed  route,  the  predictions  algorithm  can  "tty"  the  profile  and  predict  the  speed,  altitude,  fuel  remaining, 
etc.  at  fixed  waypoints  along  the  plan  and  at  the  destination  airport.  The  predictions  algorithm  also  generates  the 
courses  to  be  flown  between  the  waypoints  using  groat  circle  path  computations  and  identifies  additional  “vertical" 
waypoints  such  as  top  of  climb,  top  of  descent  and  deceleration  points  that  are  a  function  of  aircraft  performance  and 
selected  speeds. 

A  complete  set  of  data  for  each  vertical  and  lateral  waypoints  in  the  flight  plan  is  stored  and  updated  periodically  for 
use  by  other  functions  in  the  FMCS  such  as  display  generation  and  aircraft  control.  In  addition,  predictions  generates 
messages  to  the  pilot  if  hazardous  situations  are  detected.  Examples  of  this  are  a  selected  cruise  altitude  that  is  above 
the  maximum  achievable  altitude  of  the  aircraft,  or  when  the  fuel  on  board  is  not  enough  to  reach  the  destination 

The  accuracy  or  fidelity  of  the  predictions  in  an  airborne  system  such  as  the  FMCS  is  a  compromise  between 
speed  of  the  hardware  and  response  time  requirements.  It  is  in  the  predictions  software,  which  is  generally  the  most 
demanding  on  computer  throughput,  where  innovative  techniques  and  algorithms  can  be  impivmented. 

To  initialize  the  FMCS  the  pilot  Is  required  to  enter  a  basic  lateral  flight  plan  which  would  include  an  origin  airport, 
a  destination  airport  and  at  least  one  in  between  waypoint.  From  this  minimum  entry  a  lateral  profile  can  be  generated 
and  lateral  control  (LNAV)  is  available.  In  addition  to  the  flight  plan,  the  minimum  pwlormance  parameters  (described 
in  section  2.1.3),  as  well  as  any  known  extra  parameters  that  will  improve  the  accuracy  ot  the  emulation,  such  as  cruise 
wind  and  ISA  deviation  should  be  entered  .  From  these  entries  and  some  default  assumptions  (such  as  standard 
day  atmospheric  conditions)  a  complete  vertical  profile  can  be  generated  and  displayed  to  the  pMM.  Vsrtical  control 
(VNAV)  can  then  be  engaged  after  take  off  and  used  to  guide  the  aircraft  through  dimb  cruise  and  descant. 


There  are  h*o  timing  requirements  that  affect  the  operation  of  the  prediction  algorithm  and  may  influence  the  type 
of  algorithms  used.  They  are; 

Reaponaa  tima  The  time  between  a  major  change  to  the  flight  plan  by  the  pHot  and  the  generation  of  whole  new 
profile.  Obviously,  it  is  important  that  this  time  be  as  short  as  possible.  The  required  system  throughput  for  the 
whole  FMCS  can  be  estimated  by  calculating  the  processor  throughput  required  to  complete  a  full  predictions 
run  within  the  target  response  time. 

Update  rata  The  rate  at  vrhich  the  predictions  are  rerun  to  account  for  changing  environmental  conditions.  Predictions 
updates  are  usually  a  background  task. 

The  accuracy  of  predictions  Is  limited  by  the  amount  of  extra  data  that  is  entered  by  the  pilot.  If  the  pilot  has 
infonnation  on  cruise  winds  or  winds  at  a  flight  plan  waypoint  the  predictions  algorithm  is  able  to  refine  the  enroute 
flight  times  and  fuel  usage  and  generate  a  more  realistic  profile.  However,  predictions  must  also  be  able  to  adapt 
to  unexpected  actual  conditions,  such  as  an  unforecasted  cruise  wind.  Actual  conditions  are  measured  and  then 
propagated  along  the  flight  plan  in  a  realistic  manner  even  if  this  conflicts  with  the  pilot  entered  data. 

2.1  Pilot  Initialization 

With  the  aircraft  on  the  ground  the  pilot  can  enter  data  into  the  FMCS  so  that  a  lateral  and  vertical  profile  can  be 
constructed.  In  general  these  are  divided  into  flight  plan  related  parameters  either  lateral  (horizontal  plane)  or  vertical: 
and  performance  related  parameters  such  as  aircraft  weight,  etc..  Although  this  data  is  entered  on  the  ground  all  the 
parameters  can  be  modified  as  required  in  the  air  to  account  for  changing  conditiorts  or  air  traffic  control  requirements. 

2.1.1  Lateral  Profile  Definition 

The  Lateral  profile  generally  consists  of  an  origin  airport,  a  destination  airport  and  a  number  of  enroute  waypoints 
Normally  the  pilot  is  able  to  define  this  complete  lateral  flight  plan  (excluding  the  arrival  procedure)  on  the  ground 
before  take  off.  The  kind  of  entries  made  are: 

Company  routes  The  navigation  data  base  (NOB)  internal  to  the  FMCS  can  be  customized  by  an  airline  to  include 
all  its  route  structure.  This  means  that  a  simple  multi-character  identifier  can  be  used  to  automatically  recall  a 
stored  airport  pair  flight  plan.  An  example  of  this  would  be  "SEASFO"  which  would  give  the  normal  flight  plan 
from  Seattle  to  San  Francisco.  This  default  flight  plan  can  be  easily  modified  through  the  CDU,  if  required. 

Departures  and  Arrivals  Once  the  flight  plan  between  the  airports  has  been  defined  the  pilot  can  enter  a  departure 
procedure  and  possibly  an  arrival  procedure.  The  departure  and  arrivals  (DEP/ARR)  page  contains  a  list  of 
the  published  runways,  standard  instrument  departure  (SID)  and  transitions  for  the  origin  airport  and  runways, 
standard  terminal  arrival  route  (STAR)  procedures  and  transitions  for  the  destination  airport.  These  are  selected 
by  the  pilot  when  allocated  by  air  traffic  control  (ATC).  These  procedures  contain  all  the  necessary  information 
needed  to  fly  the  procedure  as  described  by  the  governing  agency.  The  pilot  can  also  enter  an  arrival  procedure 
for  the  departure  airport  in  case  a  return  to  origin  is  required. 

Special  leg  types  The  departure  and  arrival  procedures  are  composed  of  special  legs  and  it  is  these  that  are  the 
most  challenging  (or  the  predictions  and  control  algorithms.  Examples  of  some  of  these  special  leg  types  are 

•  Heading  to  an  altitude  -  This  leg  type,  usually  found  as  the  first  leg  of  a  (light  plan,  directs  the  FMCS  to 
climb  at  constant  heading  until  a  defined  altitude  is  reached.  At  that  point  the  leg  is  terminated  and  a 
transition  to  the  next  leg  is  initiated. 

•  Course  to  an  intercept  -  For  this  leg  type  the  FMCS  constructs  a  great  circle  path,  at  a  specified  track 
angle,  from  a  waypoint  to  the  point  where  the  where  the  aircraft  would  intercept  a  specified  radial  into  a 
defined  navigation  aid. 

In  general,  all  legs  are  defined  as  a  lateral  profile  control  type  -  such  as  heading  or  track  -  followed  by  a 
termination  point  -  such  as  a  waypoint,  an  altitude  or  an  interception  of  a  VOR  radial  or  DME  distance 

The  full  "toolbox'  of  leg  types  from  which  a  procedure  can  be  constructed  is  specified  in  the  ARINC  424 
specification. 

To  include  all  leg  types  in  the  lateral  flight  plan  the  predictions  algorithm  must  be  able  to  estimate  where  the 
termination  point  of  each  leg  would  be.  To  be  able  to  do  this  the  algorithm  must  be  able  to  accurately  estimate 
normal  in  flight  acceleration  or  deceleration,  rate  of  dimb  or  descent  and  probable  wind  conditions.  Some  legs, 
however,  deliberately  have  no  termination  points  (called  manually  terminated  legs  or  vectors)  and  when  one  of 
these  legs  are  flown  it  is  the  responsibility  of  the  pilot  to  "terminate"  the  leg  and  rejoin  the  remainder  of  the  flight 
plan.  The  predictions  algorithm,  however,  uses  a  default  expected  path  to  complete  the  profile. 

In  addition  to  the  leg  types  described  above,  the  predictions  algorithm  requires  special  processing  (or  some 
standard  flight  plan  leg  combinations  which  can  be  entered  as  a  single  unit.  These  include: 

HoMIng  pallema  These  "race  track"  shaped  paths  can  be  specified  in  a  number  of  ways  and  have  strictly 
defined  rules  on  entry  path  and  exit  method.  Holds  can  be  ‘attached*  to  an  existing  flight  plan  waypoint 
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or  designated  as  present  position  (PPOS)  holds  that  are  inserted  just  ahead  of  the  aircraft. 

Procedure  turns  This  standard  combination  of  legs  may  be  included  as  part  of  an  approach  procedure  as  a 
way  of  reversing  course. 

Parallel  Offset  This  single  selection  allows  the  pilot  to  fly  parallel  to  the  predefined  lateral  flight  plan  at  a  defined 
distance  to  left  or  right.  This  feature  aliows  ATC  to  allocate  fast  and  slow  aircraft  on  the  same  basic  flight 
plan  without  one  over-running  the  other. 

2.1.2  Vertical  profile  definition 

The  vertical  profile  definition  will  include  the  minimum  entry  of  selected  initial  cruise  altitude  and  continue  with  optional 
manual  entries  such  as  speed  or  altitude  constraints  at  waypoints.  Speed  and  altitude  constraints  can  also  be 
introduced  automatically  through  the  selection  of  arrival  or  departure  procedures  or  as  a  default  such  as  airport 
restriction  speeds  (250  Kts  below  10000  feet  in  the  USA). 

2.1.3  Performance  initialization 

Once  the  minimum  lateral  and  vertical  profile  parameters  have  been  entered,  the  performance  predictions  algorithm 
must  be  initialized  with  the  minimum  set  of  parameters  that  will  enable  the  algorithm  to  construct  a  basic  vertical 
profile  To  these  the  pilot  can  add  any  refinements  that  may  be  available 

Cost  Index  The  key  to  the  vertical  profile  construction  is  a  parameter  called  cost  index  (Cl).  This  pilot-entered  number 
is  a  function  of  current  fuel  price  and  crew  costs.  The  Cl  speed  schedule  algorithm  reduces  overall  flight  cost 
by  optimizing  the  requirements  of  lowering  fuel  usage  by  flying  slower  or  reducing  crew  air  time  by  flying  faster 
The  Cl  value  entered  is  a  function  of  the  current  fuel  cost  and  “cost"  of  time.  In  general,  the  lower  the  Cl  number 
the  longer  the  flight  will  take,  this  would  correspond  to  the  high-fuel-cost,  low-crew-cost  operating  environment 
A  high  number  entry  indicates  crew  costs  are  high  and  a  relatively  high  speed  schedule  will  be  chosen. 

Aircraft  Weight  The  aircraft  gross  weight  can  be  calculated  from  the  entry  of  zero  fuel  weight,  provided  the  fuel 
weight  is  available  from  aircraft  sensors.  Or  it  can  be  entered  directly. 

Raffnaments  If  additional  data  is  available  then  it  can  be  entered  into  the  system.  These  include: 

•  ISA  Deviation  or  top  of  climb  temp 

•  Anticipated  average  cruise  wind 

•  Reported  winds  at  waypoints  in  the  flight  plan 

•  Forecast  descent  winds  -  wind  bearing  and  magnitude  at  designated  altitudes 

•  Destination  ONH 

•  Anti-Ice  on/off  altitude 

2.1.4  40  Navigation  -  Raquirad  Tima  of  Arrival  (HTA)  Inltiatlzatlon 

In  FMC  systems  where  the  accuracy  of  predictions  aliows  the  precise  calculation  of  estimated  time  of  arrival  (ETA)  at 
any  waypoint,  a  control  loop  can  be  implemented  that  modifies  Cl  to  meet  a  specified  ETA  at  a  waypoint  in  the  flight 
plan.  This  form  of  four-dimensional  navigation  is  called  required  time  of  arrival  (RTA).  To  initialize  the  RTA  algorithm 
the  pilot  needs  to  designate  a  waypoint  in  the  flight  plan  and  enter  a  required  time  of  arrival. 

2.2  Profilff  Prediction 

With  all  iriitializations  complete  the  predictions  algorithm  can  begin.  The  algorithm  is  run  differently  if  a  completely 
new  profile  is  required  or  If  the  profile  is  just  being  updated.  A  completely  new  profile  would  be  required  the  first  time 
all  the  data  is  entered  and  anytime  a  major  modification  is  made  In  this  case  all  the  phases  of  the  flight  plan  would 
have  to  be  identified  and  checks  made  on  the  reasonableness  of  the  initialization  entries.  Predictions  updates  are  run 
as  a  background  task  and  includes  such  tasks  as  updating  estimated  wind  values  as  actual  winds  are  encountered 

2.2.1  Basle  algorithm  overview 

A  full  predictions  run  on  the  Smiths  Industries  737-300  FMCS  contains  the  following  steps: 

Flight  plan  dhrlalon  The  first  task  is  to  divide  the  lateral  flight  plan  into  approximete  phases  so  that  dimb,  cruise  and 
deacent  can  be  properly  allocated.  The  current  phase  of  flight  Is  determined  from  the  present  aircraft  position. 
From  that  the  remainder  of  the  flight  plan  is  broken  up  as  follows: 

•  Determine  the  first  restriction  in  descent  (PROS)  and  last  restriction  in  dimb  (LRCL).  This  routine  tries  to 
anticipete  the  pilots'  intention  when  altitude  restrictions  have  been  entered  for  flight  plan  waypoints.  The 
algor^m  first  generates  an  approximate  verticiri  profils  that  assumes  the  shallowest  rate  of  dimb  and 
deacent.  The  flight  plan  is  then  scanned  for  altitude  constraints  and  these  are  labeled  as  dimb  or  descent 
based  on  their  position  in  the  approximate  profile.  Particuiarly  troublesome  are  high  altitude  restrictions  - 
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i.e,  aircraft  to  be  at  or  below  25000ft  when  the  waypoint  is  sequenced  -  in  a  short  flight  plan  under  these 
cases  the  routine  has  to  determine  whether  the  intention  is  to  extend  the  climb  phase  or  to  descend  early. 
This  routine  allocates  PROS  and  LRCL  to  lateral  waypoints  and  predictions  then  knows  that  top  of  climb 
(T/C)  and  top  of  descent  (T/D)  are  inside  these  points. 

■  Designated  the  end  of  descent  (E/D)  point  as  the  last  ‘hard'  constraint  in  the  flight  plan.  The  point  is 
typically  the  final  approach  fix,  a  point  just  before  the  destination  airport  runway,  which  has  a  specified 
speed  and  altitude  allocated  to  it.  This  waypoint  can  then  be  used  as  a  "pivot"  point  for  descent;  as  the 
speed  schedule  (and  hence  rate  of  descent)  varies,  the  top  of  descent  moves  along  the  flight  plan  but  the 
E/D  remains  fixed. 

Once  these  points  have  been  allocated  they  will  not  change  unless  the  flight  plan  is  modified. 

Climb  speeds  The  economy  dimb  speed  target  Is  calculated  using  a  polynomial  expression,  and  is  a  function  of 
takeoff  gross  weight  and  cost  Index.  The  resulting  Calibrated  Airspeed  (CAS)  is  checked  against  airframe  limit 
values  and  used  as  a  target  speed  for  the  climb  segment. 

Initial  Cruise  spsad  A  constant  value  of  climb  fuel  burn  is  used  to  calculate  the  approximate  fuel  used  to  climb  to 
cruise  altitude.  The  resultant  T/C  weight,  cruise  wind  and  cost  index  are  then  used  in  a  polynomial  expression  to 
calculate  the  Initial  cruise  mach.  The  Initial  cruise  mach  and  the  previously  calculated  climb  CAS  are  then  used 
to  calculate  the  crossover  altitude.  The  crossover  altitude  is  the  altitude  at  which  the  equivalent  mach  of  the 
climb  CAS  (which  decreases  with  altitude)  matches  the  initial  cruise  mach.  At  this  altitude  in  climb,  the  speed 
target  to  the  autothrottle  changes  from  a  constant  C/VS  target  to  a  constant  mach  target.  Tests  are  made  on 
the  cruise  mach  to  ensure  aircraft  structural  limits  are  not  exceeded.  The  algorithm  generates  a  message  to  the 
pilot  if  no  target  speed  can  be  generated  at  the  selected  cruise  altitude  because  of  buffet  limits  etc. 

Climb  modelling  Using  the  designated  dimb  speed,  the  flight  plan  and  a  high  fidelity  aircraft  performance  model, 
the  climb  segment  can  then  be  emulated.  A  predefined  dimb  throttle  setting  is  used,  which  can  either  be  the 
default  maximum  climb  thrust  or  a  pilot  selected  reduced  dimb  thrust  schedule  to  save  engine  wear  or  for  noise 
abatement.  To  model  the  climb  it  is  divided  into  small  altitude  steps.  The  fuel  burn  from  the  previous  step  is 
used  to  predict  the  gross  weight  at  each  altitude  step.  The  available  thrust  is  then  calculated  and  hence  the 
climb  rate  needed  to  maintain  the  target  speed.  From  this  integration  technique  the  time  taken,  the  horizontal 
distance  traveled  and  the  fuel  used  to  climb  to  each  altitude  are  calculated  until  the  cruise  altitude  is  reached. 
This  point  is  inserted  into  the  flight  plan  and  designated  as  the  top  of  dimb  (T/C). 

Cruise  modelling  The  cruise  portion  of  the  profile  is  emulated  and  estimates  of  fuel  burn,  distance  traveled  and  ETA 
at  each  waypoint  in  the  cruise  phase  are  generated.  The  economy  cruise  mach  speed  target  is  calculated  at 
steps  along  the  cruise  using  a  cost  index  based  polynomial  which  Is  a  function  of  the  expected  aircraft  weight 
and  predicted  wind.  The  algorithm  continues  along  the  flight  plan  until  the  previously  defined  “shallow  profile" 
top  of  descent  point  is  reached. 

Descent  speeds  The  economy  descent  CAS  target  is  a  function  of  the  entered  cost  index  which,  after  limiting,  is 
used  to  calculate  the  descent  crossover  altitude.  As  in  dimb,  the  final  cruise  mach  target  is  used  to  calculate  the 
crossover  altitude.  Again,  above  the  crossover  altitude  the  mach  target  is  used  and  from  crossover  to  E/D  the 
constant  descent  CAS  target  is  used.  A  constant  descent  fuel  bum  rate  is  then  used  to  calculate  the  approximate 
aircraft  weight  at  E/D. 

Deecem  modelling  The  emulation  of  the  descent  profile  starts  at  the  destination  airport  and  moves  backwards  along 
the  flight  plan,  A  fixed  approach  profile  is  used  to  calculate  time,  distance  and  weight  increments  from  the  runway 
to  the  end  of  descent  waypoint.  The  descent  profile  emulation  then  continues  back  up  the  flight  plan  recalculating 
gross  weight,  thrust  and  lift  at  each  waypoint.  The  emulation  recognizes  waypoint  and  airport  speed  constraints 
and  modifles  the  descent  rate  accordingly.  Idle  thrust  is  used  for  the  emulation.  When  the  backward  descent 
reaches  the  cruise  altitude  this  point  Is  designated  as  the  top  of  descent  and  a  vertical  waypoint  is  inserted  In 
the  flight  plan.  The  cruise  emulation  then  continues  from  the  approximate  top  of  descent  to  the  more  accurate 
‘backward  descent"  top  of  descent.  A  comparison  is  then  made  between  the  top  of  descent  fuel  derived  from 
the  backward  descent  (which  used  an  approximate  destination  weight)  and  the  actual  top  of  descent  fuel  using 
the  cruise  emulation.  If  a  large  discrepancy  is  found,  that  may  affect  the  descent  profile,  the  backward  descent 
emulation  Is  run  again  using  a  revised  estimate  of  destination  weight. 

OaatfnaHon  paramalera  When  the  difference  In  fuel  is  small  (below  1000  pounds)  the  descent  profile  is  assumed  to 
be  stable  and  any  difference  in  top  of  descent  fuel  is  added  or  subtracted  to  all  the  waypoints  in  the  descent  to 
give  an  accurate  fuel  at  destination.  Checks  are  made  to  ensure  there  is  enough  fuel  to  reach  the  destination 
and  messages  are  generated  if  required. 

Airport  restrletton  A  normal  feature  of  the  descent  is  the  deceleration  to  the  airport  restriction  speed  at  the  airport 
restriction  altitude.  The  ATC  requirement  Is  that  the  aircraft  be  below  the  restriction  speed  when  the  restriction 
altitude  Is  reached.  To  accomplish  this  a  ‘level  off"  is  inserted  in  the  flight  plan  where  the  aircraft  will  reduce  the 
rate  of  descent  to  a  minimum  value  (usually  ^000  ft/mln)  so  that  the  aircraft  can  slow  down.  The  length  of  the 
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segment  is  calculated  from  aircraft  performance  parameters.  The  beginning  and  end  of  the  deceleration  points 
are  inserted  in  the  flight  plan  and  displayed  to  the  pilot. 

2.2.2  Special  predictioiis  processing 

The  predictions  algorithm  described  above  assumes  a  normal  flight  plan  with  reasonable  initialiration  entries.  Special 

processing  is  required  if  these  conditions  are  not  met; 

Short  flight  plan  If  the  length  of  the  flight  plan  is  short  and  the  entered  cruise  altitude  can  not  be  reached  before  it 
is  time  to  descend  (i.e.  no  cruise  phase)  a  UNABLE  CRUISE  ALT  message  will  be  generated.  The  algorithm 
detects  this  situation  when  the  backwards  descent  routine  reaches  the  top  of  climb  waypoint  before  cruise 
altitude. 

No  end  of  descent  If  no  fixed  altitude  is  provided  at  the  destination  airport  then  the  descent  segment  of  the  profile 
can  not  be  built.  This  is  usually  a  temporary  situation  that  will  be  rectified  when  an  arrival  procedure  is  provided 
as  the  aircraft  nears  its  destination.  Under  these  conditions  the  algorithm  will  construct  a  default  descent  profile 
and  provide  only  the  destination  parameters  (fuel,  time,  etc  ).  This  default  descent  will  not  be  displayed  and  the 
descent  path  can  not  be  flown 

Holding  patterns  The  FMCS  allows  the  pilot  to  attach  a  holding  pattern  to  any  flight  plan  waypoint.  However,  the 
predictions  algorithm  assumes  that  if  they  are  more  than  three  minutes  ahead  that  the  holding  patterns  will 
not  be  flown  and  therefore  does  not  include  the  distance  around  the  holding  pattern  as  part  of  the  distance 
calculation..  As  a  holding  pattern  is  approached  and  the  three  minutes  to  go  point  is  reached,  it  is  assumed 
that  the  aircraft  will  travel  at  least  once  around  the  hold  and  this  is  then  included  in  the  predictions  distance 
calculation. 

Floating  waypoints  and  special  legs  Where  special  leg  types  have  been  inserted  in  the  flight  plan,  by  an  arrival 
or  departure  procedure,  predictions  calculates  the  position  of  the  termination  point  using  the  best  information 
available.  The  point  is  inserted  in  the  flight  plan  but,  knowing  that  the  point  will  move  as  conditions  change,  it 
is  identified  as  a  "floating"  waypoint. 

Dlscominulfles  If  the  flight  plan  has  a  gap  in  it  due  to  the  insertion  of  a  "manual"  leg.  the  pilot  is  expected  to  fly 
the  aircraft  manually  and  predictions  assumes  (in  the  absence  of  better  information)  that  the  pilot  will  fly  a  great 
circle  path  from  the  waypoint  preceeding  the  manual  leg  to  the  waypoint  that  follows  the  leg 

2.2.3  Paramsters  predicted 

Predictions  will  generate  the  following  waypoints  that  define  the  vertical  profile: 

•  Top  of  climb 

«  Top  of  descent 

■  Bottom  of  descent 

•  Climb  and  descent  crossover  altitudes  (if  below  cruise  altitude) 

•  Transition  altitude  (above  which  altitudes  are  displayed  in  flight  levels) 

■  Cabin  repressurization  altitude 

•  Anti-ice  on  and  off  altitudes 

■  Climb  thrust  revision  aititude 

a  Speed  change  points  -  airfwrt  restriction  deceleration  point,  etc.. 

a  “Floating"  and  special  leg  type  waypoints  -  estimate  of  the  position  of  fhe  leg  terminators 

For  each  vertical  and  lateral  waypoint  in  the  flight  plan  the  following  data  will  be  generated: 

a  Curve  path  transitions  -  the  path  that  the  aircraft  will  follow  when  it  passes  a  waypoint.  The  type  of  transition  is 
based  on  the  angle  of  the  turn  and  whether  the  aircraft  is  required  to  overfly  the  waypoint  or  not.  The  radius 
of  any  turn  is  based  on  the  predicted  ground  speed  and  the  shape  of  the  transition  can  vary  from  a  “cut  the 
comer"  turn  up  to  a  360"  loop.  Curve  path  transitions  apply  to  lateral  waypoints  only. 

•  Fuel  Remaining  -  Used  for  fuel  planning  and  gross  weight  estimation. 

•  Estimated  Time  of  Arrival  -  Used  by  RTA  for  time  control. 

•  Altitude 

•  Speed 
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2.3  RTA  function  predictions 

The  Required  Time  of  Arrival  (RTA)  function  is  a  4D  navigation  (time  control)  performance  mode.  This  function  uses 
the  data  provided  by  the  cost  index  based  economy  predictions  algorithm  to  estimate  the  time  of  flight  lor  each  of  the 
remaining  phases  of  flight  up  to  a  specified  waypoint.  A  delta  time  of  flight  algorithm  is  used  to  estimate  the  additional 
time  taken  to  travel  to  a  specific  waypoint  for  a  different  cost  index.  This  “quick  predictions'  algorithm  calculates  the 
new  cost  index  average  ground  speed  for  each  of  the  phases  of  flight  and  generates  a  new  time  of  flight  by  assuming 
that  the  time  of  flight  in  each  phase  is  inversely  proportional  to  the  ratio  of  the  flight  plan  average  ground  speed  and 
the  new  cost  index  average  ground  speed.  The  RTA  function  uses  an  iterative  cost  index  search  method  and  the 
quick  predictions  algorithm  to  find  the  cost  index  that  produces  an  “estimated"  ETA  that  matches  the  pilot  entered 
required  time  of  arrival.  This  matching  cost  index  is  then  used  by  the  predictions  algorithm  as  if  it  had  been  entered 
by  the  pilot. 


3  FMCS  Control 

The  FMCS  is  designed  to  be  a  fully  integrated  multi-axis  aircraft  control  function.  However,  because  of  the  size 
and  complexity  of  the  software  involved,  the  FMCS  usually  contains  only  outer-loop  control.  There  is  a  deliberate 
policy  of  segregating  the  flight  critical  functions  such  as  inner-loop  control  and  autoland  in  the  relatively  small  (with 
regard  to  software  size)  autopilot/flight  controls  system  and  the  autothrottle  system.  This  segregation  simplifies  initial 
certification  because  the  certification  “criticar  functions  that  require  expensive  dissimilar  and  redundant  hardware, 
parallel  software  development  and  detailed  documentation  are  concentrated  in  smaller  units.  This  partitioning  also  was 
chosen  to  separate  the  functions  that  will  rarely  change  (inner-loop)  from  the  more  subjective  convenience  functions 
which  will  evolve  and  build.  This  separation,  therefore,  means  that  the  FMCS  can  be  relatively  easily  re-certified  when 
new  capabilities  are  added  after  initial  certification. 

3.1  Control  Interface 

The  FMCS  does  not  have  direct  access  to  the  aircraft  control  functions  but  interfaces  through  a  number  of  other 
systems.  This  simplifies  the  FMCS  control  function  and  allows  the  pilot  to  over-rule  the  FMCS  if  manual  flying  is 
required  without  modifying  the  original  flight  plan  and  calculated  profile.  The  pilot  can  return  to  FMCS  control  following 
an  unforeseen  excursion  and  continue  with  the  original  flight  plan.  The  interlace  with  the  flight  controls  systems  is 
decided  by  the  aircraft  manufacturer  and  is  a  function  of  whether  the  FMCS  is  being  fitted  into  an  all  new  aircraft  or 
whether  the  FMCS  is  being  retrofitted  into  an  existing  airframe  with  existing  autopilot  and  autothrottle  units.  The  aim 
is  to  reduce  duplication  of  functions  wherever  possible.  For  this  paper  the  control  interface  of  the  737-300  and  later 
derivatives  is  described.  On  this  aircraft  a  roll  command  is  used  for  the  horizontal  axis,  the  existing  autopilot  pitch  axis 
functions  are  used  for  vertical  control  and  the  autothrottle  is  controlled  by  speed  targets.  Other  aircraft  types  could 
use  a  different  control  interface  (such  as  pitch  targets  in  the  vertical  axis).  The  737-300  control  interface  is  described 
below: 

Autopilot  and  Flight  Director  System  (AFDS)  This  system  provides  interface  to  the  aerodynamic  control  surfaces 
of  the  aircraft.  The  pilot  has  direct  input  to  the  system  for  heading  select,  altitude  he'd,  vertical  speed,  etc., 
modes.  The  pilot  can  operate  the  system  without  connecting  it  to  the  control  surfaces  by  selecting  the  flight 
direaor  mode  and  following  the  displayed  vertical  and  horizontal  cue  bars.  The  FMCS  input  can  be  selected  as 
an  alternate  vertical  or  horizontal  control  mode  by  selecting  the  LNAV  or  VNAV  mode  keys  With  the  FMCS  in 
control  the  autopilot  monitors  the  FMC  input  for  signals  outside  the  FMCS  control  authority,  and  will  automatically 
limit  authority  or  disconnect  if  necessary.  The  pilot  can  arm  other  autopilot  modes  such  as  autoland  and  these 
will  become  active,  and  the  FMCS  will  be  disconnected,  if  the  required  engagement  conditions  are  met  (e  g. 
ILS  glideslope  valid). 

AutothrotUe  This  system  provides  automatic  speed  control  and  protection  regardless  of  environmental  conditions. 
The  autothrottle  is  closely  coupled  to  the  autopilot  system  and  takes  its  speed  control  targets  from  the  system 
that  is  controlling  the  aircraft.  If  the  FMCS  VNAV  mode  is  selected  and  engaged  the  autothrottle  is  being 
controlled  by  the  FMC. 

3.2  FMC  Control  Modes 

The  FMCS  has  two  major  control  modes;  lateral  navigation  (LNAV)  and  vertical  Navigation  (VNAV).  With  both  these 
modes  selected  and  engaged  on  the  AFDS  mode  control  panel,  the  FMCS  controls  the  aircraft  in  two  dimensions 
horizontally,  in  altitude  vertically  and  controls  the  speed  target  to  give  the  forth  control  dimension,  time.  Within  these 
major  modes  are  sub  modes  which  are  a  function  of  flight  plan  phase  and  are  controlled  or  monitored  by  the  pilot 
through  the  FMCS  CDU.  The  FMCS  uses  a  mode  annunciator  panel  to  display  to  the  pilot  the  current  active  mode 
and  submode  at  all  times. 

3.3  Lateral  Navigation  (LNAV)  Control 

The  LNAV  interface  with  the  autopilot  is  a  roll  command.  The  FMCS  has  up  to  30  degrees  of  command  authority  with 
a  rKxninal  Internal  maximum  of  25  degrees  of  bank. 
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For  aircraft  control  a  reference  path  buffer  (RPB)  is  constructed  which  describes  the  leg  from  one  flight  plan 
waypoint  to  another.  This  leg  is  divided  into  segments  that  describe  the  actual  path  that  will  be  flown  over  the  ground. 
The  buffer  may  contain  up  to  fifteen  individual  path  segments  which  can  be  one  nf  four  types,  these  are; 

Straight  segment  This  segment  represents  a  great  circle  path  with  a  constantly  changing  track  angle.  While  flyihg 
this  segment  the  entire  buffer  is  updated  every  60  seconds  to  recalculate  the  termination  of  the  current  segment 
and  the  attributes  of  any  future  segments  (curve  radius,  etc.).  For  this  type  of  segment,  every  200  milliseconds 
the  control  algorithm  calculates  a  new  desired  track.  To  steer  along  this  segment  a  roll  command  is  generated 
that  is  a  function  of  the  lateral  abeam  distance  from  the  aircraft  to  the  current  segment  of  the  reference  path 
called  the  cross  track  error  (XTK)  and  the  Track  angle  error  (TKE)  which  is  the  difference  between  the  current 
aircraft  track  and  the  desired  track. 

Curve  segment  A  curve  segment  is  defined  as  a  start  point,  end  point  and  a  constant  radius  curve  between  them. 
This  type  of  segment  is  used  for  curved  path  transitions,  etc..  Once  the  aircraft  sequences  onto  a  curve  segment 
the  curve  radius  is  not  updated.  As  in  the  straight  segment,  the  desired  track  is  constantly  recalculated  based 
on  a  constant  radius  curve.  The  radius  of  curve  is  calculated  using  current  aircraft  speed  and  a  nominal  bank 
angle.  The  resulting  TKE  and  XTK  are  used  for  steering  control. 

Heading  segment  Is  a  straight  path  that  maintains  a  constant  heading  along  the  segment.  This  segment  type  is 
updated  every  60  seconds.  The  steering  control  for  this  type  of  segment  is  a  simple  function  of  the  difference 
between  the  current  aircraft  heading  and  the  desired  heading  from  the  flight  plan  (heading  error).  This  means 
that  the  aircraft  may  drift  laterally  from  the  originally  designated  path  and  as  this  drift  is  propagated  along  the 
remaining  segments,  the  position  of  the  flight  plan  waypoint  at  the  end  of  the  leg  (always  a  floating  waypoint) 
will  be  moved 

Track  segment  Is  a  straight  path  that  maintains  a  constant  desired  track  on  the  ground.  Like  the  heading  segment 
the  roll  command  is  a  function  of  TKE  only.  If  there  is  no  wind  the  heading  segment  and  track  segment  are 
equivalent. 

A  reference  path  buffer  is  generated  from  the  flight  plan  leg  by  translating  the  leg  into  a  series  of  guidance  segments 
The  number  of  segments  can  vary  from  two  (a  straight  and  a  curve)  for  a  simple  leg  between  two  waypoints,  to  fifteen 
for  a  holding  pattern  consisting  of  an  entry  path,  the  hold  itself  and  the  hold  exit  path. 

A  reference  path  buffer  for  the  next  leg  in  the  flight  plan  is  also  generated  so  that  a  new  buffer  will  be  available 
when  the  waypoint  is  sequenced 

If  the  aircraft  is  off  the  flight  plan  when  LNAV  is  first  engaged  the  control  algorithm  will  attempt  to  construct  a 
capture  path  between  present  aircraft  position  and  the  flight  plan.  The  capture  leg  will  be  constructed  only  if  one  of 
the  following  conditions  are  met: 

1 .  The  aircraft  is  within  three  nautical  miles  abeam  of  the  current  reference  path  segment,  regardless  of  the  present 
aircraft  heading  or  track, 

2.  The  aircraft  is  beyond  the  3  nautical  mile  capture  band  but  present  aircraft  heading  will  cause  the  aircraft  to 
intercept  the  flight  plan  between  present  abeam  point  and  the  waypoint  that  terminates  that  leg.  In  other  words, 
the  aircraft  is  pointing  back  towards  the  flight  plan.  Under  these  conditions  the  aircraft  is  allowed  to  maintain  its 
present  track  until  it  intercepts  the  path. 

If  the  above  capture  criteria  are  not  met.  and  LNAV  engagement  is  attempted,  a  "NOT  ON  INTERCEPT  HEADING ' 
message  will  be  displayed  on  the  CDU 

There  are  a  number  of  special  flight  plan  situations  that  require  extra  translation  processing  when  a  reference  path 
buffer  is  generated.  Some  examples  are  described  below. 

Holding  patterns  A  holding  pattern  can  be  entered  into  the  flight  plan  at  any  existing  waypoint  or  at  present  position 
(PROS).  If  the  hold  is  rotated  about  the  hold  fix  such  that  a  special  entry  procedure  is  required,  this  is  included 
in  the  buffer.  An  example  of  the  breakdown  of  the  segments  in  a  holding  pattern  is  shown  in  figure  2  It  shows 
a  hold  with  a  "parallel"  entry. 

Bypassed  waypoints  If  two  waypoints  are  close  and  in  such  a  relative  position  that  the  aircraft  can  not  turn  quickly 
enough  to  reach  the  second  waypoint,  tfien  that  waypoint  is  designated  a  "bypass"  and  the  RPB  for  the  two 
legs  are  combined  into  one  and  the  aircraft  is  flown  as  close  as  possible  to  the  second  waypoint. 

ILS  localizer  capture  If  the  leg  is  designated  as  a  localizer  approach  then  the  steering  algorithm  enters  a  special 
mode  that  allows  it  to  sequence  onto  the  glideslope  early  or  late  regardless  of  the  path  in  the  RPB.  Once  the 
aircraft  sequences  onto  the  glideslope  intercept  leg  and  is  within  3  degrees  of  the  runway  centerline  or  17  NM 
from  the  runway  threshold  (ILS  coverage  area)  then  the  raw  glideslope  data  is  monitored.  If  the  glideslope 
centerline  is  reached  before  the  predicted  glideslope  intercept  point,  then  steering  will  sequence  the  segment 
early.  If,  however,  the  aircraft  reaches  the  predicted  intercept  point  before  glideslope  capture  is  confirmed  by 
the  raw  ILS  beam  data,  a  localizer  capture  path  is  generated  whit*  is  a  track  segment  with  a  track  angle  of 
the  runway  extended  centerline  plus  or  minus  an  appropriate  intercept  angle.  This  path  is  flown  until  the  raw 
glideslope  centerline  is  reached  or  the  aircraft  flies  outside  the  predicted  glideslope  beam  coverage  boundaries 
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Figure  3:  Reference  path  buffer  segments  of  a  holding  pattern 


3.4  Vertical  Navigation  (VNAV)  Control 

The  VNAV  mode  of  the  FMCS  uses  existing  modes  of  the  autopilot  vyhereirer  possible  so  that  inner  loop  control  laws 
are  not  duplicated.  The  FMCS  uses  mode  selection  and  targets  to  duplicate  the  pilot  entered  values  for  the  selected 
mode.  Different  modes  are  used  in  different  phases  and  sub-phases  and  these  are  described  in  section  3.4.2 

3.4.1  VNAV  Interfaces 

When  in  VNAV  mode  the  737-300  FMCS  interfaces  with  the  autopilot  and  autothrottle  using  the  following  output 
parameters: 

•  Autopilot  mode  requests  •  used  to  change  the  autopilot  control  mode  including  the  following: 

-  VNAV  valid  -  Tells  autopilot  whether  VNAV  can  be  engaged  or  not 

-  Vertical  Speed  mode  request 

-  Speed  on  elevator  mode  request 

-  Altitude  capture  mode  request 

-  Altitude  hold  mode  request 

-  Level  change  mode  request 

•  Vertical  speed  target  -  primary  climb  and  descent  control  parameter 
>  Altitude  target  ■  used  lor  altitude  capture  and  altitude  hold  modes. 

•  Autothrottle  mode  requests  -  changes  autothrottle  modes 

-  Speed  mode  request 

-  Idle  mode  request 

-  Level  deceleration  mode  request 

-  Thrust  limit  mode  request  -  for  each  phase 

-  T/0  or  Climb  derate  mode  request 

-  Derate  thrust  cut  back  required 


-  Engine-out  mode  request 

-  CAS  or  Mach  identifier 
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•  Speed  target  -  either  CAS  or  mach  as  appropriate 

•  Thrust  limit  values  -  tor  each  flight  phase 

The  FMCS  receives  back  from  the  autopilot  and  autothrottle  systems  current  active  mode  information  and  the  current 
setting  of  the  Mode  Control  Panel  (MCP)  altitude  select  window.  This  MCP  window  value  is  used  by  the  pilot  to  control 
climb  and  descent  by  defining  the  altitude  limit  through  which  the  aircraft  must  not  pass.  The  pilot  will  set  this  window 
to  the  next  clearance  altitude  above  the  aircraft  in  climb  and  below  the  aircraft  in  descent. 

3.4.2  VNAV  phases 

When  engaged  in  the  VNAV  mode  the  FMCS  uses  different  modes  tor  different  phases  of  flight.  A  description  of  the 
interaction  is  described  below: 

Take  oft  and  Climb  phase  While  on  the  ground  the  pilot  can  preselect,  through  the  FMCS  CDU,  a  derated  take  off 
thrust  and  special  climb  thrust  profile.  This  is  desirable  at  certain  airports  if  environmental  conditions  permit,  so 
full  thrust  is  not  used.  If  derate  is  selected,  the  FMCS  will  transmit  reduced  thrust  limits  to  the  autothrottle. 

Alter  takeoff  the  pilot  selects  desired  climb  performance  option,  which  can  be  any  off  the  following; 

•  Economy  -  The  default  performance  option  that  uses  the  Cl  to  calculate  the  most  economical  target  speeds. 

•  Maximum  angle  -  The  FMCS  calculates  a  target  CAS  that  causes  the  aircraft  to  climb  at  the  steepest  angle. 

•  Maximum  rate  -  The  FMCS  calculates  a  target  CAS  that  causes  the  aircraft  to  climb  at  the  highest  rate  of 
climb. 

•  Engine  out  -  If  an  engine  fails  during  climb  the  pilot  can  select  an  engine  out  climb  with  a  speed  target  that 
maximizes  climb  gradient. 

•  Selected  speed  -  The  pilot  can  enter  a  specific  speed  that  the  aircraft  will  fly. 

•  Required  time  of  arrival  -  The  FMCS  calculates  the  most  fuel  efficient  speed  target  which  meets  a  time 
constraint  at  a  future  waypoint 

As  soon  as  VNAV  is  engaged  the  FMCS  selects  the  autopilot  speed  on  elevator  mode  and  sets  the  desired 
speed  output  dependent  on  the  performance  option  selected.  In  this  mode  the  autopilot  controls  the  rate  of 
climb  so  that  the  aircraft  maintains  the  desired  speed.  The  autothrottle  is  set  to  climb  mode  with  a  maximum 
thrust  value  equal  to  the  limit  supplied  by  the  FMC.  If  a  derated  climb  profile  has  been  preselected  the  FMCS 
will  modulate  the  limit  in  accordance  with  a  predefined  schedule.  The  FMCS  will  set  the  target  altitude  to  the 
cruise  altitude  or  the  next  waypoint  altitude  constraint  if  one  exists.  As  the  aircraft  approaches  that  altitude  the 
autopilot  will  automatically  transition  into  altitude  capture  mode  and  then  altitude  hold  at  the  requested  altitude 
The  autothrottle  will  transition  into  speed  mode  at  the  FMCS  target  speed.  If  the  level  off  is  due  to  a  waypoint 
constraint  the  aircraft  will  remain  in  altitude  hold  until  the  waypoint  is  sequenced  and  the  FMCS  will  raise  the 
FMCS  target  altitude  to  the  next  constraint  and  change  the  autopilot  mode  back  to  speed  on  elevator  to  continue 
the  climb.  If.  however,  the  autopilot  approaches  the  MCP  window  altitude  the  autopilot  will  capture  that  altitude 
regardless  of  the  current  FMCS  target.  The  pilot  is  then  required  to  select  a  higher  altitude  and  reselect  VNAV 
to  continue  the  climb. 

Cruise  phase  The  cruise  phase  is  flown  in  autopilot  altitude  hold  mode  and  the  autothrottle  in  speed  tracking  mode 
using  the  FMCS  target  mach  output.  During  the  cruise  phase  the  pilot  can  climb  to  a  higher  altitude  or  descend 
to  a  lower  altitude  using  the  cruise  climb  or  cruise  descent  modes.  This  is  simply  accomplished  by  selecting 
a  new  altitude  in  the  MCP  altitude  window  and  then  entering  the  new  cruise  altitude  on  the  cruise  page  of  the 
CDU.  A  cruise  climb  request  will  result  in  an  autopilot  speed  on  elevator  mode  at  FMCS  target  mach  and  climb 
thrust  on  the  autothrottle.  A  cruise  descent  request  will  cause  the  FMCS  to  request  a  vertical  speed  on  elevator 
mode  at  -tOOO  ft/min  and  the  autothrottle  will  maintain  the  FMCS  target  mach.  The  default  FMCS  target  mach, 
economy,  is  based  on  the  Cl  derived  optimum  speed.  The  pitot  can  select  an  alternate  long  range  cruise  mode 
or  engine  out  mode  if  required  and  the  FMCS  will  select  the  optimum  mach  target  for  those  conditions  The 
pilot  can  also  manually  select  a  mach  target. 

Daaeant  phaM  Descent  is  the  most  difficult  phase  for  the  FMCS  to  control.  To  maximize  fuel  efficiency  the  engines 
must  be  set  to  idle  (minimum  fuel  flow).  Slowing  the  aircratt  down  under  these  conditions  requires  the  use  of 
speed  brakes  which  normally  can  only  be  operated  by  the  pilot.  The  pilot  can  preselect  one  of  two  descent 
rrxxJes: 

Ptifi  descent  mode  in  this  mode  the  FMCS  controls  the  aircraft  to  a  predefined  profile  constructed  by  predic¬ 
tions.  When  the  aircraft  approaches  the  top  of  descent  point  the  pilot  can,  after  gaining  clearance  from 
ATC,  select  a  lower  MCP  window  altitude.  When  the  T/D  point  is  reached  the  FMCS  will  set  the  altitude 
target  to  the  first  descent  constraint  and  request  a  vortical  speed  on  elevator  mode  tor  the  autopilot.  The 
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autothrottle  mode  is  set  to  idle  (or  high  idle  H  anti-ice  bleeds  are  being  used).  The  FMCS  then  modulates 
the  target  vertical  speed  to  match  the  descent  profile.  The  profile  descent  gradient  is  based  on  the  speed 
defined  by  the  selected  performance  mode.  The  default  mode  is  economy  (from  cost  index),  although  the 
pilot  could  have  entered  a  manual  speed  while  in  cruise  and  flown  the  resulting  gradient. 

The  profile  has  built  into  it  any  level-off  segments  that  are  required  to  meet  waypoint  constraints  or  the 
airport  restriction  speed;  therefore  under  normal  conditions  the  FMCS  can  control  the  aircraft  along  this 
profile  without  deviating  from  the  predefined  vertical  speed  schedule.  If,  however,  the  aircraft  drifts  above  or 
below  the  path  (due  to  unpredIcted  winds)  the  FMCS  must  compensate  using  the  limited  control  available. 
If  the  aircraft  drifts  above  the  path  the  FMCS  will  increase  the  vertical  speed  target  and  allow  the  airspeed 
to  build.  As  the  speed  exceeds  an  acceptable  deviation  the  pilot  is  requested  (via  a  CDU  message)  to 
apply  the  speed  brakes  and  slow  the  aircraft  down.  If  the  aircraft  drifts  below  the  path  the  FMCS  will  use 
the  vertical  speed  target  to  return  to  the  path  which  will  cause  the  aircraft  to  slow  down.  As  soon  as  the 
speed  deviation  exceeds  an  acceptable  limit  (I5kts)  the  FMCS  will  request  the  autothrottle  to  temporarily 
transition  into  speed  control  mode  and  return  the  aircraft  to  the  speed  target. 

If  the  aircraft  drifts  too  far  above  the  target  speed  (as  would  happen  if  the  pilot  did  not  apply  the  speed 
brakes)  and  approaches  the  aircraft  structural  limits  the  speed  will  be  limited  by  the  autopilot  and  the  aircraft 
will  deviate  from  the  path. 

Speed  descent  mode  If  a  predefined  descent  path  is  not  available  the  FMC  will  revert  to  a  fixed  speed  or 
airmass  descent  mode.  In  this  mode  the  FMC  will  control  the  descent  using  the  autopilot  “speed  on 
elevator"  mode  The  autopilot  modulates  the  descent  rate  to  match  the  FMCS  generated  target  speed 
without  regard  to  the  predictions  profile.  The  pilot  can  also  select  this  mode  as  an  alternative  to  path 
descent.  The  target  speed  used  in  this  mode  defaults  to  the  economy  speed  from  Cl  although  the  pilot 
can  override  this  by  manually  entering  a  speed. 

In  speed  descent  the  FMCS  puts  the  aufothrottle  into  idle  mode. 

3.4.3  Required  Time  of  Arrival  (RTA  •  40) 

The  RTA  function  allows  the  pilot  to  designate  a  time  of  arrival  (the  required  time)  at  a  specified  waypoint  in  the  flight 
plan  The  RTA  function  does  not  generate  speeds  directly  but  interfaces  with  the  rest  of  the  FMCS  using  the  Cl.  Wrten 
the  pilot  enters  a  RTA  time  the  RTA  function  selects  a  new  Cl  that  will  will  result  in  an  ETA  at  the  designated  waypoint 
that  meets  the  entered  Required  Time  of  Arrival. 

In  the  air,  the  RTA  function  will  recalculate  the  Cl  whenever  the  predicted  ETA  from  the  flight  plan  drifts  outside  a 
control  limit.  In  addition  to  the  RTA  time  the  RTA  function  provides  the  pilot  with  maximum  and  minimum  achievable 
times  based  on  the  maximum  and  minimum  Cl  values.  These  times  are  displayed  to  the  pilot  so  that  he  knows  the 
FMCS  time  control  authority  limits. 

On  the  ground  the  RTA  function  generates  an  advisory  display  page  that  identifies  the  earliest  and  latest  take  off 
times  and  also  the  most  economical  take  off  time  based  on  the  entered  cost  index.  A  time  error  display  counts  down 
the  time  until  the  first  take  off  time. 

Figure  3  shows  a  typical  on-ground  and  in-air  RTA  progress  page. 

A  typical  operational  scenario  for  the  RTA  function  would  be  for  the  pilot  to  be  assigned,  by  ATC,  a  waypoint  that 
has  been  designated  as  the  destination  airport  metering  fix.  This  waypoint  is  used  to  control  the  flow  of  aircraft  to  the 
airport  and  the  aim  is  to  have  the  aircraft  arrive  at  that  waypoint  in  the  same  sequence  as  they  will  land.  The  ATC 
computer  will  assign  a  time  at  which  each  aircraft  should  arrive.  An  aircraft  equipped  with  a  RTA  FMCS  will  be  able 
to  enter  that  assigned  time  and  tell  ATC  the  exact  time  the  aircraft  should  take  off  to  achieve  that  time.  In  addition, 
while  flying  in  the  RTA  mode  the  pilot  can  tell  ATC  whether  a  revised  RTA  time  is  achievable  or  not 

4  Conclusion 

The  addition  of  powerful  and  flexible  computing  systems  like  the  Flight  Management  Computer  System  to  the  cockpits 
of  latest  generation  air  transport  aircraft  has  reduced  pilot  workload  and  increased  safety  In  addition,  the  optimiza  ion 
of  flight  profiles  has  increased  fuel  efficiency  of  the  aircraft  and  increased  the  comfort  level  of  the  passengers.  The 
recent  addition  of  the  Required  Time  of  Arrival  function  has  the  potential  for  reducing  flight  delays  despite  the  current 
air  traffic  build  up.  Studies  also  suggest  that  the  addition  of  an  RTA  capability  in  only  a  limited  number  of  aircraft 
would  reduce  air  traffic  control  workload. 

In  the  future,  increased  miniaturization  coupled  with  inaeased  computational  throughput  will  allow  FMCS  manu¬ 
facturers  to  pack  more  and  more  capabilities  into  smaller  and  smaller  units.  Concepts  such  as  artificial  intelligence 
may  make  the  system  easier  to  operate.  Direct  satellite  communications  will  increase  the  accuracy  of  the  FMCS  by 
providing  a  way  of  trading  information  about  environmental  conditions  such  as  wind  and  temperature,  and  flight  plan 
changes  such  as  airport  closures  and  alternative  airports. 

Just  as  personal  computers  have  revolutionized  business  and  personal  work  habits  so  the  FMCS  and  derivative 
systems  will  revolutionize  the  cockpit  of  the  future. 


-1 


IMPACT  OF  NEW  TECHNOLOGY  ON  OPERATlCaiAL  INTERFACE: 
FROM  DESIGN  AIMS  TO  FLIGHT  EVALUATIOJ  AND  MEASUREMENT 


by 


J.J.  Speyer  and  C.  Honteil 
Operations  Engineering,  Flight  Division 
Airbus  Industrie,  B.P.  33,  31707  Blagnae  Cedex,  France 

and 

R.D.  Blomberg 
Dunlap  &  Associates  Inc 

17,  Washington  Street,  Norwalk,  Connecticut  068S4,  USA 
and 

Dr  J.P.  Fouillot 
I.aboratoire  de  Physiologie 
Faculte  de  N^ecine,  Cochin, 

24,  Rue  du  Faubourg  St-Jacques,  P~75104  Paris,  Prance 


SUMMARY 

Since  the  early  1980 's  Airbus  Industrie  has  conducted  a  progressive  research  prograirme 
investigating  the  ergonOTiic,  physiological  and  psychological  factors  affecting  flight 
crew  in  their  working  environment,  and  progressively  refining  the  data  acquisition  and 
analysis  techniques. 

This  sclf'imposed  commitment  to  a  dedicated  appreciation  of  man^machine  aspects  was  met 
in  two  ways: 


.  Informally,  by  stringent  application  of  human  engineering  principles, 
although  in  short  supply  in  as  far  as  their  explicit  formulation  is 
concerned. 

Formally,  by  continuous  development  of  statistical  methods  and  engineering 
experiments,  concentrating  on  pilot  questionnaires,  performance  evaluations 
and  workload  models. 

Although  the  title  of  this  paper  may  not  seem  to  be  directly  related  to  the  topic 
addressed  by  this  Agardograph  a  statistical  workload  calculation  model  will  highlight 
the  insidious  link  that  enables  to  correlate  pilot  performance  parameters  (and  hence 
aircraft  trajectory)  with  estimates  on  the  impact  of  new  technology  on  the  operational 
interface.  The  purpose  of  this  paper  is  to  review  the  span  between  initial  design  aims 
and  subsequent  flight  evaluation  and  measurement. 

Except  for  the  general  recommendations  of  Fitts,  Wanner,  Wiener  and  Curry,  few 
fundamental  design  guidelines  appear  to  be  available  in  the  scientific  field  of  human 
factors.  A  practical  review  is  presented  of  the  operational  objectives  and  technological 
modules  that  marked  the  outgrowth  of  the  Airbus  family  of  commercial  aircraft. 
Progressively  integrated,  several  waves  of  innovations  engineered  an  evolutionary 
process  that  brought  to  bear  growing  functionality  at  the  operational  interface.  The 
emerging  role  of  the  pilot  is  becoming  more  that  of  a  systems  monitor  than  that  of  a 
controls  handler,  devoting  himself  to  overall  intelligence  functions  which  new 
technology  features  were  precisely  aimed  to  support.  Several  contemporary  human  factors 
views  are  mentioned  in  the  paper  suggesting  that  the  pilot  be  brought  back  into  a  more 
active  role  to  avoid  automation-  or  design-induced  errors.  What  has  been  achieved  with 
the  early  1980’s  A310/A300-600  cockpit  however  is,  in  our  view,  still  in  the  vicinity  of 
the  Wiener  and  Curry  philosophy  on  automation  and  cockpit  design.  In  the  step  that  was 
to  be  taken  in  the  latter  1980’ s  A320/A330/A340  designs  aims  have  been  intended  to  cover 
even  more  error -tolerance  or  -protection  against  Incidents  of  the  Wanner  scheme. 

Reviewing  aircrew  convnents  on  design  aims  and  achievements  from  flight  evaluation  became 
a  practice  in  the  early  1980’ s  when  soliciting  crewmem^r  opinions  received  considerable 
inj^tus.  Conclusions  arc  presented  from  questionnaire  surveys  on  new  technology  aircraft 
conducted  successively  by  Airbus  Industrie,  Wiener,  Curry  and  Lufthansa. 

Comnonly  criticized  on  most  new  aircraft  types  are  the  autopilot/autothrottlc 
interactions  and  the  FMS  whose  training  definitely  needs  more  emphasis  on  basic  know¬ 
how  and  practice.  It  appears  that  crews  want  autofoation  even  further  developed  to 
ifi^rove  system  integration  and  crew  interface,  with  no  significant  fear  for  the 
possibilities  of  errors  or  potential  loss  of  flying  skill.  But  what  also  seems  to  be 
requested  is  intuitive  design  allowing  the  pilot  to  understand  more  straightforwardly 
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the  automation  systems  at  work  and  to  monitor  more  easily  their  periormance,  limits  and 
crew  errors.  Measuring  the  impact  of  new  technology  on  the  operational  interface  could 
precisely  help  setting  up  this  human  factors  capability.  Vfhich  in  turn  should  eventually 
influence  on  design  guidelines  and  specifications. 

The  success  of  the  questionnaire  technique  prompted  Airbus  Industrie  to  use  it  again  for 
its  Fly-by-wire  proof-of-coneept  experiment  on  the  A300  testbed.  The  unanimous 
enthusiasm  of  airline  6  authority  pilots  for  the  sidestick/ fly-by-wire  combination  was 
also  confirmed  by  the  fact  that,  as  a  group,  they  did  not  feel  uncomfortable  with  the 
idea  of  being  primarily  responsible  for  the  management  of  system  Interfaces  rather  than 
the  direct  operation  of  their  aircraft.  It  would  appear  indirectly  from  these  studies 
that  older  technology  aircraft  can  more  often  be  discredited  on  the  basis  of  human 
factor  principles  than  new  ones.  It  is  however  with  the  coming  of  the  latter  that  more 
emphasis  was  gradually  put  on  human  factors  by  all  those  concerned,  manufacturers, 
airworthiness  authorities,  pilots  and  airlines.  Even  more  systematic  efforts  on 
num-machine  interface  ^malyses  were  put  in  the  wake  of  the  crew  complement  question 
which  triggered  the  development  of  several  evaluation  methods.  One  of  these,  the 
Performance  Criteria  Methodology,  was  developed  to  statistically  investigate  the  impact 
of  new  technology  features  such  as  the  BFIS,  the  FMS  and  Fly-by-Wire/  Sidestick.  A  brief 
review  is  given  of  engineering  experiments'  results  for  the  first  two  to  conclude  on  the 
contribution  of  this  equipment  towards  improving  smoothness  of  performance  and 
alleviating  workload.  The  advantages  of  a  FbW  system  over  conventional  controls  are 
operationally  demonstrated  with  the  third  experiment.  Performing  analysis  of  variance  on 
basic  flight  parameter  measures  allows  again  to  demonstrate  marked  smoothness  and 
stability  Improvements,  flight  efficiency,  reduced  task-  and  workload. 

Our  previous  research  suggested  that  workload  ratings  collected  in  minimum  crew 
certification  campaigns  might  be  modelled  using  data  extraneous  to  the  pilot  (aircraft 
flight  performance  parameters  and  flight  status  measures)  and  data  intraneous  to  the 
pilot  (heart  rate  variability  measures).  The  aim  was  to  achieve  an  objective  analysis  of 
an  until-then  subjective  process  (workload  rating)  which  had  received  too  little 
scientific  attention.  A  computer  model  was  evolved  from  the  A310-200  certification 
process,  which  indeed  conformed  well  with  the  subjective  data.  Certification  of  the 
A310-300,  a  generally  similar  but  sufficiently  different  aircraft,  provided  a  further 
check  on  the  degree  of  objectivity  attained,  helped  to  simplify  the  model's  formulation. 
As  part  of  the  development  program  for  the  A320,  the  A300  FbW  flying  testbed  had 
numerous  visiting  pilots  involved  in  extensive  demonstrations  as  well  as  special 
manoeuvres  such  as  simulated  engine  failure  at  take-off  and  a  demonstration  of  the 
inherent  stall  protection  of  the  control  system.  The  model  was  again  successfully 
applied  to  these  flights  in  order  to  determine  if  it  could  cope  with  the  new  control 
system  and  the  unusual  profiles.  Finally,  the  very  first  flight  of  the  A320  also  had 
t>oth  pilots  equipped  with  heart  rate  monitoring  equipment  so  as  to  test  the  model. 

Cleared  for  experimental  use,  the  Airbus  Workload  Model  was  then  used  in  January  19B8 
for  the  A320  Minimum  Crew  Certification  to  generate  second-by-second  estimates  of 
pilots'  subjectively  estimated  workload.  The  purpose  of  tVrls  demonstration  was  to 
provide  a  range  of  low  to  high  workload  situations  by  means  of  12  scenarios  which 
provided  varying  flying  problems,  in  all,  48  simulated  line  flights,  which  involved 
different  levels  of  automation,  were  flown.  Crew  errors  were  also  recorded  and 
classified  according  to  their  severity  and  awareness.  As  a  tool  to  investigate  the 
impact  of  new  teclinology,  the  Airbus  Workload  Model  presents  a  novel  opportunity  to 
study  %rorkload  and  its  relationship  to  both  errors  and  automation.  The  findings  are 
descriptive  in  nature  because  the  certification  data  base  was  not  constructed  to  support 
research  on  these  Issues.  But  they  suggest  that  there  is  a  relationship  between  the 
severity  and  type  of  error  and  workload,  and  that  automation  and  workload  are  inversely 
related. 
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1.  nrraoDOCTioM 

Recent  breakthroughs  In  display  and  control  avionics  constitute  one  of  those  remarkable 
technological  milestones  that  from  time  to  time  will  spur  aircraft  development  and 
airline  operations.  Vfhether  In  technical  areas  or  operational  functions  trade-offs 
betmen  continuity  and  progress  have  steered  the  design  and  deployment  of  the  Airbus 
family  of  aircraft.  'In  particular,  cockpit  development  has  directly  proceeded  from  a 
permanent  process  of  monitoring  new  technology  availability  and  problems,  and  of 
evaluating  how  best  to  iiig>rove  the  pilot's  working  environment  within  realistic  airline 
constraints  (economics,  maintenance,  training,  ATC,  human  resources  etc.).  The  drive  of 
this  adaptation  and  Integration  process  through  technology  leaps  and  systems' 
Interfacing  ambltlonned  the  eventual  inclusion  of  the  human  operators  In  the  safety 
loop,  a  goal  long  sought  in  the  profession.  vAiile  economic  effectiveness  and  industrial 
feasibility  were  most  Important  factors  to  be  considered  between  possible  solutions,  the 
safety  Imperative  has  always  been  the  prime  parameter  nonetheless. 

In  direct  conjunction  with  this.  Airbus  Industrie  has  conducted  an  important  research 
programne  from  the  early  1980's  onwards,  gradually  investigating  the  ergonomic, 
physiologic  and  operational  factors  affecting  flight  crew  in  their  working  environment, 
and  progressively  refining  the  data  acquisition  and  analysis  techniques  (Speyer  J.-J., 
Fort  A.,  October  1982). 

Underscoring  the  necessity  to  consider  human  factors  issues  in  a  broader  systemic 
context  was  an  early  paper  in  1977,  titled  "Controlled  Flight  into  Terrain: 
System-Induced  Errors"  (wiener  E.I,.,  1977).  The  contradiction  suggested  in  this  title 
alms  to  Indicate  the  difficulty  for  integrating  two  levels  of  system  management: 
aircraft  control  (inner  loop  exercizing  psycho-motor  skills)  and  aircraft  monitoring 
(outer  loop  demanding  cognitive  abilities).  The  evolution  of  flight  deck  automation  up 
to  front  line  aircraft  types  of  that  time  period  (B-747,  DC-10,  L-1011,  A300  B2/B4)  was 
comnented  l>y  Edwards  (Edwards  E.,  1972  ;  1977)  as  owing  much  more  to  engineering  and 
economic  analyses  than  ta  ergonomics  and  systematic  development  of  policy  concerning  the 
role  of  men  in  automated  systems,  stressing  the  failure  of  the  human  factors  profession 
to  play  a  more  significant  role  in  the  design  process  Wiener  and  Curry  addressed  the 
following  operational  interface  aspects: 

-  vigilance  problems  and  crew  overload/underload, 

-  inadequate  workplace  design  and  extra-cockpit  communication, 

-  faulty  pilot-controller  communication  and  crew  coordination, 

-  unadapted,  excessive  or  wrong  automation, 

-  unheard  or  cancelled  warning  devices  and  visual  illusions, 

-  confusing  terminology  and  charts. 

In  the  aviation  transport  area  alone,  some  75  %  of  accidents  are  amorphously  catalogued 
as  pilot  error,  the  remainder  k)cing  evenly  split  tietween  purely  technical  and 

environmental  causes.  Their  point  here  is  that  a  majority  of  these  accidents  arc 
design- induced  referring  to  human  engineering  concepts  (Wiener  S.L.,  1977),  air  traffic 
control  (Wiener  E.L.,  1980)  and  automation  (Wiener  E.L.,  Curry  R.E.,  1980). 

Few  fundamental  design  guidelines  are  available  in  the  scientific  field  of  human 
factors.  They  all  appear  to  come  "a  posteriori"  Illustrating  that  this  activity  is  an 

art  in  infancy.  Except  for  the  general  human  factors  guidelines  of  Fitts,  Wanner, 

Wiener,  Curry  and  Nagel,  we  are  short  of  standards  sought  by  the  Industry  since  it  is 
still  evolving  at  a  rapid  pace  (Fitts  P.N.,  19S1  ;  Wanner  J.-C.,  1969,  1984,  1989  ; 
Wiener  E.L.  and  Nagel  D.C.,  1988).  It  Is  not  really  feasible  to  apply  these  at  the 

technical  design  stage,  but  it  was  thought  that  the  opposite  approach,  i.o.  "a 

posteriori"  evaluation  and  measurement  of  the  human  factors  impact  of  new  technology, 
would  eventually  benefit  future  design  conceptions.  Each  new  design  should  nonetheless 
comnand  Its  specific  human  factors  approach  6  analysis  the  results  of  which  guidelines 
cannot  dictate  nor  predict. 

An  "avant  la  lettre"  human  factors  orientation  gradually  emerged  from  Airbus  'partners 
and  customers'  collective  memory  of  jet  aircraft  design  and  operating  experience  to 
date.  Somehow,  the  systemic  inclination  that  such  an  approach  warrants  mirrors  the 
evolution  towards  functional/organizational  matrix  organizations  at  partners'  design 
offices  themselves.  And  by  the  same  token  it  reflects  Airbus'  industrial  marketing 
approach,  which  traditionally  keeps  Its  customers  Involved  from  the  start  of  the  design 
process  through  so-called  task  forces  (Sclmltt  B.,  October  1984,  Caesar  H.,  November 
1985).  Fulfilling  Its  role  at  the  heart  of  this  process.  Airbus  Industrie  was  all  set 
for  a  judicious  assessment  of  needs,  requirements  and  capabilities  and  for  a  proper 
formulation  of  realistic  design  alms. 
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2.  TKaWOLOOT  EVQLOTIOW  MB)  DB8IOW  AIMS 

The  forward  facing  crew  cockpit  of  the  A310  and  A300-600  stems  from  A300  B2/B4 
experience  which  Itself  proceeds  from  that  of  the  Caravelle,  Trident,  BAC  1-11,  VFW-614 
and  Concorde.  In  fairness  to  all,  it  la  also  a  direct  result  of  multiple  discipline 
research  programmes  that  included  a  human  factors  orientation  such  as  the  NASA  Terminal 
Configuration  Vehicle,  the  French  Persepolis  project  and  the  BAe  Advanced  Cockpit 
Design. 

Rarly  consideration  had  been  given  to  making  the  original  A300  a  2-pilot  crew  aircraft. 
The  technology  then  available  did  not  permit  such  an  approach  with  the  necessary  degree 
of  confidence;  the  overall  design  goal  being  to  ensure  adherence  to  the  "need  to  know" 
and  "fail  safe"  principles  which  the  1930  to  A300  cockpit  did  not  fully  satisfy: 

.side  panel  not  fulfilling  fall-safe  criteria, 

number  of  dials  and  displays  giving  unnecessary  information 
during  a  large  part  of  the  flight, 

necessity  to  scan  in  different  places. 

The  Innovations  of  this  first  wide-body  proved  a  major  credit  to  Airbus: 

-  automatic  throttle  (ATS)  from  brakes  off  to  touchdown, 

automatic  angle  of  attack  protection  and  speed  reference  system  (SRS), 
both  being  instrumental  against  wlndshear  Incidents, 

-  automatic  two  and  one-engine  go-around; 

-  thrust  computer  (TCC)  linked  to  autothrottle, 
allowing  derated  engine  operation/increased  engine  life. 

The  necessary  evolution  became  possible  in  the  early  1980's  with  the  help  of  technology 
leaps  providing  concentration,  standardization  and  flexibility  (Baud  P.  and  Ivanoff  D. , 
1982).  Design  goals  of  the  FFCC  were  then  formulated  as  follows: 

better  crew  integration  and  crossmonitoring, 

better  man-machine  interface, 

.  lower  risk  of  flight/system  management  error, 

automation  of  routine  actions, 

simplification  of  tactic  actions  in  normal, 
abnormal  and  emergency  procedures, 

augmented  availability  for  strategic  flight  actions, 

.  clear  presentation  of  predigested  information 
for  easier  and  quicker  diagnosis  and  correction, 

reduction  of  crew  workload. 

A  definite  consolidation  trend  developed  as  from  the  late  1980's  with  A320  design  aims 
to  be  carried  forward  for  A330/A340  projects  (Ziegler  B.  and  Durandeau  M.,  1984): 

.  extension  of  pilot  error-tolerance,  -detection  and  -protection 
by  safeguarding  functioning  points  and  operating  envelopes, 

continuing  developments  in  digital  technology  and  data  transmission  focusing 
on  systems  integration, 

former  FFCC  breakthroughs  refined  and  kept  as  mainstays  for  the  future. 

Progressively  integrated,  three  successive  waves  of  adaptive  innovations  have  engineered 
a  cascade  evolutionary  process  that  brought  to  bear  growing  functionality  at  the 
operational  interface  level  (Sj^yer  3.-3.,  Septemijer  1988). 

The  following  modules  were  hereby  successively  introduced  three  by  three: 

-  pushbuttons  combining  control,  visual  feedJhack  and  malfunction  alert  so  as 
to  reorganize  cockpit  real  estate  and  enable  systems  management  from  an 
overhead-mounted  panel,  synoptically  arranged  (source  to  distribution) 
according  to  frequency  of  use  (normal,  abnormal,  emergency), 

-  advanced  system  automation  to  avoid  repetitive  actions  in  normal  operation 
or  after  a  single  failure  (electrical,  APU,  fuel,  pressurization,  avionics 
cooling,  air  bleed,  electronic  engine  control  etc.). 
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-  digital  autoflight  systems  IXFS)  with  preselected  functions,  increased 
integration  of  guidance  modes  with  autothrust  (ATS)  and  flight  director, 
clear  and  unambiguous  operation.  Improved  flight  envelope  protection  and 
automatic  landing  potential  to  Cat  III, 

-  cathode  ray  tuJses  for  quantitative  and  qualitative  monitoring  of  system's 
status  in  coordination  with  flight  phases  (BCAH): 

.  eliminating  the  need  for  frequent  overhead  panel  scanning  In  normal 
conditions, 

.  applying  a  rigorous  coc)ipit  lights  out  philosophy,  the  absence  of 
visual  warnings  corresponding  to  normal  conditions, 

.  simplifying  failure  understanding  (System  Display)  and  orientation  of 
corrective  actions  (Warning  Display), 

.  reducing  the  number  of  discrete  sounds  to  a  bare  minimum,  basic 
attensons  drawing  the  attention  of  the  crew  to  warning  display 
messages , 

.  adapting  warnings  to  flight  phases  with  inhibitions  where  safety 
mandates, 

-  electronic  flight  instruments  (EPIS)  replacing  electromechanical  ADl's 
for  short  term  flight  path  control  (PFD)  and  replacing  HSl's  for  medium  term 
navigation  (ND)  allowing  direct  access  to  predigested  information  by  means 
of  situation-adapted  symbology, 

-  digital  flight  management  systems  (PMS)  to  conmand  the  autoflight  system 

for  full  horizontal  and  vertical  navigation  and  guidance  with  profile 

optimization  for  maximum  economy, 

fly-hy-wire  in  conjunction  with  sidesticlis  replacing  mechanical  flight 
controls  to  simplify  conventional  chains,  extend  flight  envelope 

protection  to  include  stall,  windshear,  manoeuver  or  attitude 

exceedances,  transfer  of  command, 

full  authority  digital  engine  control  to  extend  engine  operational 
protection  and  to  provide  a  wide  array  of  power  management  functions, 

-  digital  radio  management  panels  to  manage  the  frequency  selections  for 

all  VHF,  HF  and  SSR  radio  communications  as  well  as  ILS,  VOR  and  DHE 

radio  navigation  aids  in  case  of  FMGS-failure. 

The  first  three  modules  characterize  the  mutation  of  the  A300  towards  the  A300FF,  the 
ensuing  A310  toeing  supplemented  by  the  three  following  and  the  subsequent  A320  being 
supplied  with  all  nine. 

3.  DBSigW  (WIDELlllBS  AMD  FILPT  ROLE 

One  of  the  more  est^Q>llshed  principles  particularly  insists  that  man  and  machine 
should  be  used  in  complement  to  each  other  and  according  to  respective  areas  of 
specialization. 

Fitts  Lists  (Fitts  P.M.,  1951)  indeed  provide  tips  for  the  differentiation  of  tas)ts 
t>etween  man  and  machine  recognizing  human  superiority  with  regard  to  overall 
intelligence,  decision-ma)iing,  error-correction,  inductive  reasoning  and  gradual 
overload. 

Machines  on  the  other  hand  would  cope  better  with  sudden  overload,  are  much  faster, 
consistent  and  powerfull,  good  at  deductive  reasoning,  better  at  complex  computation 
and  short-term  memory.  They  also  do  a  better  job  at  monitoring,  having  no  problems 
with  concentration,  motivation,  vigilance,  distraction  and  fatigue. 

Developing  his  argumentation  with  regard  to  human  factors  and  flight  safety, 
J.C.  Wanner  (Wanner  J.-C.,  1969,  November  1984,  August  1987,  March  1989)  considers  three 
classes  of  incidents  that  may  be  playing  a  pivotal  role  in  aircraft  mishaps; 

■  pilot^ilitv  incidents  whereby  the  crew  erroneously  allowed  the 

functioning point outside  the  authorized  envelope  with  difficult  or 
impossible  reversion, 

.  perturt>ation-sonsitivity  incidents  whereby  external  (e.g.  windshear)  or 
internal  perturbations  (e.g.  failures  or  fire)  let  the  displaced  functioning 
points  go  jseyond  limits,  whether  limits  after  perturbations  are  new  or 
unchanged , 

mayeuvrabilitv  incidents  whereby  the  execution  of  a  procedure  (e.g.  to 
modify  trajectory  or  avoid  obstacle)  and  the  displacement  of  the  functioning 
point  as  a  result  of  incidents  of  the  two  preceding  types  brings  the 
resulting  functioning  point  closeby  or  past  its  limits. 
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Wanner  identifies  5  basic  human  attributes  that  allow  to  derive  a  set  of  8  proposed 
design  rules  covering  pilotability  incidents.  Perturbation-sensitivity  and 
manoeuvrability  rules  are  in  his  view  more  of  a  regulatory  nature,  do  not  implicate 
the  human  operator  as  such  but  rather  system  redundancy  and  integrity  and  operational 
knowledge  of  mission  and  environment. 

wiener  and  Curry  conclude  their  survey  of  cockpit  automation  and  flight  safety  by 
proposing  IS  recommendations  for  designing  and  using  automated  systems  (Wiener  E.L., 
Curry  R.B.,  1980).  In  need  of  a  philosophy  regarding  automation  they  have 
persistently  advocated  the  respect  of  at  least  three  principles  (Wiener  B.L.,  October 
1985): 

to  allow  the  crew  more  freedom  to  fly  the  plane  and  use  automation  in  the 
manner  it  wishes,  but  surrounded  by  a  multidimensional  warning  and 
alerting  system  that  informs  the  crew  if  they  are  approaching  some  limit; 
as  long  as  within  the  limits  the  crew  would  have  freedom  to  conduct  the 
flight  according  to  its  style;  this  concept  of  ”an  electronic  coccoon"  is 
called  flight  management  by  exception. 

to  use  forecasting  models  and  trend  warnings  to  predict  a  penetration  of 
the  coccoon  rather  than  waiting  for  it  to  happen  and  alarms  to  be 
activated  when  the  system  reaches  a  critical  point;  in  order  for  the  crew 
to  have  mcocimum  control  of  the  situation,  values  for  the  forecasting 
parameters  could  be  selected  by  the  crew;  this  concept  is  called 

exceptions  by  forecasting. 

.  to  allow  the  crew  to  inform  the  machine  of  its  strategic  goal  or  intent 
which  would  allow  the  computer  to  check  crew  inputs  and  system  outputs  to 
determine  if  they  are  logically  consistent  with  the  overall  goal;  if  not 
an  exception  message  would  be  issued;  this  concept  is  called 

goal  sharing. 

The  evolution  of  the  pilot’s  role  is  inevitably  linked  to  that  of  the  aircraft  and 

its  cockpit,  triggered  as  it  has  been  by  economic  and  technological  imperatives. 
Persistently,  the  pilot's  role  is  now  being  compared  to  that  of  a  manager.  It  may 
therefore  be  beneficial  to  reflect  on  what  flight  management  entails  from  an 

organizational  point  of  view  (Speyer  J.-J.,  October  1986). 

Three  levels  can  be  considered  as  illustrated  in  Figure  1: 

.  the  strategic  management  level,  which  is  the  process  of  deciding  on  goals 
of  the  mission,  on  changes  in  these  goals  as  a  function  of  constraints, 

on  the  resources  used  to  attain  these  objectives  (for  example  evaluate 

and  decide  to  perform  a  Cat  II  approach), 

the  tactical  or  functional  management  level,  which  is  the  process  by 
which  functions  assure  that  resources  are  programmed,  selected  and  used 
effectively  and  efficiently  in  the  accomplishment  of  mission  goals  (for 
example  planning  and  preparing  a  Cat  II  approach) , 

the  operative  or  implementative  control  level  is  the  process  of  assuming 
that  specific  tasks  are  carried  out  e^ectively  and  efficiently  (for  example 
execute  and  monitor  a  Cat  II  approach). 

The  task-related  level  is  almost  exclusively  handled  by  computers  and  automation.  No 
longer  is  the  pilot  just  a  simple  controller  or  monitor.  Rather,  he  dialogues  with 
the  aircraft,  giving  direction  to  the  different  systems  and  devoting  himself  to 
overall  intelligence  and  general  direction  of  his  flight.  Presented  in  this  way  the 
functional  level  is  at  crossroads  between  the  crew  and  the  aircraft,  it  is  the 
interface  level.  The  pilot’s  enlarged  role  as  flight  manager,  systems  supervisor  and 
cemiputer  monitor  centers  around  the  four  cognitive  functions  of  planning, 
programming,  maintaining  and  thrusting  (Babcock  G.L.,  Edwards  w.w.,  stone  R.B., 
October  1982); 

.  planning  is  a  dynamic  function  that  is  never  completed  fully  accurately 
and  continuously  involves  mental  representation  and  decision-making 
(models/pattcrn-matching,  strategic  evaluation,  forecasting,  risk- 
evaluation).  The  Navigation  and  Profile  modes  of  the  FMGS  can  be  very 
effective  in  assisting  in  the  planning  of  an  arrival,  the  advisory  mode 
of  the  ECAM  is  instrumental  for  forecasting, 

.  programming  is  an  anticipatory  set-up  function  allowing  systems  to  be 
instructed  ahead  of  actual  aircraft  operation.  Representative  examples 
exist  with  pressurization  and  FMGS  selections, 

.  maintaining  is  a  control  function  to  manage  system  and  subsystem  failures 
and  to  monitor  necessary  back-up  whether  manually  or  autcxnatically 
implemented.  The  overhead  panel,  its  flight  management  by  exception 
through  the  cockpit  lights  out  philosophy  and  the  overall  ECAM  system 
help  to  exercize  this  function. 
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thrusting  is  an  active  monitoring  function  requiring  intelligence, 
understanding,  patience  and  confidence  to  allow  automation  to  operate 
without  intervening.  Goal  sharing  or  the  ability  of  the  crew  to  communicate 
with  the  machine  on  its  strategic  mission  goal  or  intent  is  of  particular 
importance  in  thrusting.  Monitoring  navigation  or  approach  progress  through 
EFIS  and  FBGS  are  typical  examples  of  this  function. 

Interacting  with  task-  and  mission-related  flight  elements,  the  contemporary  pilot 
roust  be  proficient  in  quickly  and  efficiently  managing  all  available  resources  within  a 
constrained  working  environment.  New  technology  features  were  precisely  aimed  at 
supporting  the  above-mentioned  interface  functions  of  planning,  programning ,  monitoring 
and  thrusting. 

Directing  an  automatic  system  rather  than  doing  the  job  manually  and  coordinating 
with  the  other  crewmember  commands  skills  supplementary  to  those  required  in 
conventional  cockpits.  Supplementary  since  the  skilled  aviator  still  needs  to  remain 
proficient  in  manual  handling  in  spite  of  much  more  frequent  relieincc  on  automatic 
modes.  Airlines  do  insist  however  that  pilots  make  full  use  of  the  automation  offered 
in  the  modern  cockpit.  Manual  flying  for  training  purposes  is  being  encouraged  during 
routine  operations.  Mollet  (Mollet  C.,  February  1988)  contends  that  "the  laws 
governing  the  whole  behaviour  of  (new  technology)  flight  guidance  systems  are  so 
complex  that  they  are  no  longer  (fully)  transparent  to  the  pilot".  Mot  helping 
cockpit  management,  manual  flying  definitely  has  to  tie  supplemented  by  good  systems 
knowledge,  by  intuitive  understanding  of  computers  (behaviour  and  limitations  and  by 
strict  crew-coordir.ation  discipline  when  having  to  manage  complex  situations. 

Any  feeling  of  "tieing  along  for  a  ride",  ideas  of  underload,  lack  of  vigilance, 
Ijoredom  and  complacency,  any  sense  of  "being  out  of  the  loop"  needs  to  be  properly 
addressed  by  means  of  cockpit  management  techniques  that  help  to  foster  the  attitude 
that  automation  is  just  another  resource  to  manage  (Speyer  J.-J.,  Fort  A.,  Octoljer 
1987) . 

While  at  NASA,  John  Dauber  (Dauber  J.K.,  March  1980  and  August  1982)  emphasized  that 
the  major  impact  of  the  inclusion  of  microprocessor  and  display  technology  in  new 
generation  transport  aircraft  would  be  the  quality  and  quantity  of  real-time 
information  available  to  the  crew  and  the  way  this  information  would  )5e  manipulated 
and  used  to  conduct  a  flight.  As  a  result  of  previous  accidents  with  conventional 
technology  aircraft  attributable  to  shortcomings  in  crew  conmunication  and 
coordination,  the  NTSB  did  recommend  that  the  FAA  urge  operators  to  indoctrinate 
flightcrews  in  the  principles  of  flightdeck  resource  management. 

Pointing  beyond  the  sterile  cockpit,  Wiener  insists  (Wiener  E.D.,  1985a)  however  that 
the  evolution  whereby  pilots  gradually  began  to  serve  as  monitors  of  automatic  devices 
must  be  reconsidered.  In  his  view,  shared  by  others,  the  pilot  should  be  brought  back 
into  a  more  active  role  in  the  control  loop  to  sustain  alertness  especially  in  view  of 
very  long  range  operations  (Wiener  E.D.,  August  1986).  The  vast  literature  on  vigilance 
has  indeed  shown  that  the  human,  after  all,  is  not  a  very  effective  monitor,  less  likely 
to  detect  system  fault  or  wrong  set-up,  more  likely  to  conmit  large  blunders.  For  this 
reason,  the  famous  doer  versus  monitor  doctrine-placing  the  pilot  rather  as  a  monitor 
than  as  a  doer-  is  being  revisited.  A  recurrent  theme,  the  implications  with  regard  to 
design  philosophy  for  control  and  monitoring  systems  being  (Wiener  E.D.,  Curry  R.E., 
1980)! 

-  that  the  designer  must  specify  to  what  extent  the  human  should  be  included 
in  the  inner  (aircraft  control)  and  outer  (aircraft  monitoring)  control 
loops  and  to  what  extent  automation  should  assist  him  in  multi-  attribute 
decisions, 

-  that  the  designer  must  consider  the  single  channel  behaviour  of  the  human 
and  the  integration  of  the  numerous  devices,  alerting  and  warning  systems 
and  conditions  to  tie  monitored. 

Potentially  weak  vigilance  of  the  pilot  and  vulnerable  aircraft  systems  suggest  a 
growing  need  for  the  machine  to  monitor  itself  and  the  operator,  diagnosing  errors 
performed  by  the  human.  This  well-identified  need  to  develop  automatic  systems  that 
monitor  human  operator  performance  rather  than  only  the  reverse  has  also  been 
suggested  in  the  aerospace  medical  world  (Hollard  R.,  Ignazl,  cxrtober  1986). 

Pelegrin,  on  the  other  hand  (Pelegrin  M.,  October  1986  ;  Septenilier  1988),  advocates 
increased  automation,  using  new  technology  to  include: 

automatic  reconfigurations  after  failures, 

-  ongoing  maintenance  and  systems  status  back-  and  updating, 

-  pilot  assistance  in  abnormal  situations 
not  necessarily  resulting  from  failures, 

-  crew  error-tracking  capabilities  and  crew  interrogation  systems. 

He  concludes  from  a  detailed  analysis  of  7  accidents  that  their  catastrophic  outcome 
would  have  been  avoided,  should  these  (older  technology)  aircraft  have  been  designed 
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with  only  slightly  more  autcnnatlon  just  compatible  with  the  level  of  technology  then 
available.  Pelegrln  also  advances  that  If  automatized  systems  are  going  to  enjoy  further 
development  the  ensuing  frontier  between  man  and  machine  and  the  resulting  tasksharing 
between  both  will  Imply  the  sharing  of  Intelligence  and  knowledge  of  their  Interactions. 
Increased  automation  will  therefore  only  be  successful  If  non-determlnlstlc  human 
characteristics  can  be  taken  Into  account  by  means  of  Human  Factors,  I  fuzzy-set) 
Behavioural  Models  and  Artificial  intelligence. 

In  opposition  to  this,  semi-automatic  systems  as  they  are  known  today:  after  a  system 
failure  the  aircraft  remains  partially  automatic  and  according  to  the  incident  the 
pilot  may  or  may  not  have  to  take  over,  may  or  may  not  have  to  change  operating 
modes.  Conflicts  sparkling  from  this  duality  and  the  need  to  maintain  a  permanent  man- 
machine  dialogue  have  led  to  the  notion  of  operator  assistance  to  better  close  the 
information  loop  and  complement  )30th  operator  and  machine  Intelligence. 

The  error -protection  capabilities  of  map-displays  and  fly-by-wire  flight  controls 
mentioned  In  the  previous  paragraph  have  somewhat  paradoxically  been  accompanied  by  a 
renewed  interest  for  error-tolerant  systems  as  safety  nets.  Extensive  analysis  on 
human  factors  has  revealed  (Gerbert  K.  and  Kemmler  R. ,  1986)  that  -whether  systematic  or 
random-  these  can  be  Interpreted  as  a  four-dimensional  structure:  vigilance  errors, 
perception  errors,  information-processing  errors  and  sensorimotor  errors.  In 
particular,  it  was  found  that  dete..minants  and  background  variables  of  human  factor 
incidents  and  accidents  provide  a  model  of  basic  man-machine  system  Interaction  which 
are  useful  and  predictive  of  human  error  occurrence. 

Seifert  and  Brauser  have  proposed  two  strategies  for  future  flight  deck  design 
(Seifert  R.  and  Brauser  K.,  May  1983)  eguating  the  pilot’s  capabilities  and  needs: 

-  provision  of  sufficient  feedback  to  allow  the  pilot  to  detect  and  correct 
unintentional  performance  errors  before  they  affect  system  performance, 

introduction  of  fail  safe  and  fail  operational  ergonomic  design  by  means 
of  human  error  detection  and  correction  functions  into  the  man-machine 
interface  intelligence. 

Models  of  human  operator  behaviour  are  also  needed  for  incorporation  of  such  error 
-tracking  capability  into  automation  themselves.  This  need  for  a  laetter  knowledge  of 
the  man-machine  relationship  prompted  Airbus  Industrie  in  cooperation  with  Dunlap  and 
Associates  and  Cochin  Faculty  to  develop  and  validate  a  predictive  crew  workload 
rating  model  (Speyer  j.-a.,  Port  A.,  Blomlaerg  R.D.,  Dr  Fouillot  a.-P.,  June  1987) 
laased  on  heart  rate  variability,  aircraft  performance  parameters  and  situational 
information  (scenario,  flight  phase  conditions,  pilot  role  etc.).  Section  6  presents 
the  latest  results  of  this  work  as  applied  to  a  fly-by-wire  aircraft  (A320)  with  an 
initial  attempt  to  relate  workload  patterns  with  the  level  of  automation,  error 
awareness  and  error  severity  (Blomberg  R.D. ,  Schwartz  A.L.,  Speyer  J.-J., 
Fouillot  J.-P.,  September  1988).  Further  work  is  however  necessary  to  investigate  how 
automation,  workload,  vigilance,  ]oer£orraance  and  errors  all  relate  to  each  other. 

Trying  to  automate  error  completely  away  may  merely  displace  the  problem  of  pilot 
error,  however.  Being  still  the  ultimate  crosscheck  and  decision-maker,  the  piling  up 
of  "operator  assistant  systems"  would  make  the  crew  even  more  dependant. 

What  has  been  achieved  with  the  early  1980's  A310/A300-600  cockpit  is,  in  our  view, 
still  in  the  context  of  the  wiener  and  Curry  philosophy  on  automation  and  cockpit 
design.  In  the  step  that  was  to  be  taken  In  the  latter  1980 's  A320/A330/A340  designs 
have  essentially  been  intended  to  cover  more  error-tolerance  or  protection  against 
incidents  of  the  Wanner  scheme. 

In  the  end  these  "a  posteriori"  rules  and  philosophies  are  not  too  far  from  the 
operational  orientation  that  inspired  the  functional  layout  and  organization  of  our 
new  cockpits  and  associated  systems.  Design  loeing  an  inextricable  exercise  of 
compromise,  art  and  science,  any  "li  la  lettre"  correspondence  cannot  (oe  expected  "a 
priori"  however.  Design  engineers  and  test  pilots  do  not  work  from  the  isolation  of 
an  ivory  tower  but  have  a  very  practical  orientation  to  implement  design  concepts  and 
objectives.  Bach  new  design  Is  likely  to  comnand  its  own  particular  human  factors 
evaluation  as  part  of  a  broader  systems  analysis  aimed  at  Integrating  it  all. 

4  -  ooKsnamAiMs 

The  practice  of  systematically  solllciting  aircrew  opinions  received  considerable 
impetus  in  the  early  1980's  when  subjective  evaluation  of  workload  became  a  regular 
practice  in  crew  complement  certification.  Practical  methods  and  statistical  analyses 
were  developed,  the  only  human  factors  issue  that  had  to  be  formally  examined  at  that 
stage  being  workload  nonetheless.  In  parallel  to  these  flight  test  activities  and  as 
early  as  1983,  Alrlsus  Industrie  performed  more  detailed  pilot  surveys  to  further 
investigate  the  guallty  of  the  man-machine  interface  itself,  quite  apart  from  its 
focus  on  workload. 

A  campaign  debriefing  questionnaire  was  prepared  to  undertake  an  anonymous  opinion 
survey  of  those  17  pilots  and  otwervers  that  had  participated  to  the  flight  and 
simulator  campaigns  for  the  A310's  minimum  crew  determination.  As  a  group,  they 
covered  an  ei^rlence  level  corresponding  to  the  operation  of  almost  all  commercial 
jet  aircraft  introduced  to  then  with  the  exception  of  the  B-767.  The  purpose  of  this 
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chapter  is  to  review  findings  of  surveys  of  this  kind  also  performed  by  others,  c.g. 
by  Wiener,  Curry  and  Neumann  ^Lufthansa)  as  they  all  relate  to  the  impact  of  new 
technology  on  the  operational  interface. 

4.1  -  Initial  field  work  at  AIRBUS 

The  initial  A310-survey  of  Airbus  was  composed  of  more  than  150  questions  covering 
the  whole  spectrum  of  aircraft  design  issues  that  pertain  to  h\unan  engineering  and 
ergonomics  (Speyer  J.-J.,  Fort  A.,  1983) s 

.  functional  grouping  of  instruments/controls, 

general  presentation  of  flight  systems  information, 

.  crew  comfort, 

.  overhead  panel  layout, 

.  PFD  information  presentation,  speed  scale,  mode  annunciators  etc..., 

.  HD  information  presentation  involving  Arc  Mode,  Map  Mode,  Plan  Mode, 
Weather  Radar  etc..., 

.  ECAM  inform<:.tion  presentation  involving  Warning  Display,  System  Display, 
etc. . . , 

.  FMS  Control  &  Display  Unit,  Manipulation,*  Pagination  etc..., 

.  APS  Flight  Control  Unit,  Autothrottlc  operation,  Thrust  Rating  Panel, 
Autopilot/Flight  Director  Procedures  etc..., 

.  Checklists  and  Procedures, 

.  Outside  appearance/mechanical  ergonomy. 

Tasksharing  and  worksharing, 

.  Workload  and  error-inducing  potential, 

.  Intelligibility  of  hardware,  procedures  and  mental  ergonomy. 

In  answering  that  questionnaire  pilots  were  asked  to  compare  the  A310  with  the 
reference  aircraft  they  considered  most  representative  of  their  experience.  Answering 
consisted  in  circling  a  number  corresponding  to  their  opinion  on  a  6-point  agree- 
disagree  type  attitude  measurement  scale.  The  absence  of  a  middlemark  was  meant  to 
prevent  participants  from  taking  neutral  and  uncommitted  positions. 

More  than  75  %  of  all  questions  received  fairly  high  marks  in  the  appreciation  range 
of  4  to  5,  pilots  and  observers  refraining  from  making  extreme  position  judgements. 
Where  significant  improvement  was  desirable  for  the  future  they  felt  free  to  rate  in 
this  direction.  As  confirmed  in  the  other  surveys  the  suggested  areas  fox  improvement 
concerned  pilot  seating,  .^system  software,  use  of  real  estate  on  the  overhead  panel. 
Flight  Path  Vector-information,  attention-getting  capability  of  some  alarms  on  the  PFD 
and  on  the  ECAM,  procedures  with  the  FMS  and  interpretation  of  error  messages, 
homogeneity  of  abnormal/emergency  checklists  with  the  ECAM  Warning  Display. 

As  in  every  certification  exercize  we  took  advantage  of  this  opportunity  to  do 
further  homework  having  learnt  throughout  the  years  that  more  contact  was  going  to  be 
necessary  to  understand  the  pilot  community.  A  step  in  the  right  direction  v-zas 
therefore  prompted  by  the  crew  complement  issue. 

4.2  -  curry  and  Wiener  Survey 

In  several  subsequent  studies  Curry  and  wiener  (Curry  R.B.,  May  1985  ;  Wiener  E.L., 
July  1985b}  respectively  investigate  the  human  factors  of  new  technology  and  autexnation 
as  observed  during  the  service  introductions  of  the  B-767  and  MD-80.  Both  author’s 
studies  are  based  on  questionnaires,  interviews,  discussion  meetings  and  cockpit 
observations,  Questionnaire  forms  used  S-point  agree-disagree  Likert-type  intensity 
scales  and  matrix-type  frequency-of-use  tables. 

on  the  positive  side,  these  studies  conclude  that  the  new  digital  aircraft  and  their 
automatic  features  are  overall  considered  as  well-designed,  reliable  and  useful.  Much 
appreciation  goes  towards  the  automatic  flight  director  systems  and  autothrottles, 
the  electronic  flight  instruments  and  flight  management  systems  and  the  electronic 
aircraft  systems'  monitors  (EICAS).  All  these  systems  meet  pilot's  general  agreement  as 
for  functions  and  implementation. 

Pilots  from  airlines  that  did  not  use  mechanical  checklists  felt  they  would  be 
useful,  many  thinking  these  should  be  on  EICAS.  Some  confusion  was  reported 
concerning  the  interaction  of  pitch  autopilot  and  autothrottles,  some  other 
criticisms  prevailing  with  regard  to  the  respective  designs  of  the  mode  control  panel 
and  control  and  display  unit  (CDU)  of  the  flight  guidance  system  on  the  ND-80  and  of 
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the  flight  management  system  on  the  Many  ccxnnvents  had  also  to  do  with  the  type 
of  training  desirable.  Both  authors  believe  that  a  gap  seems  to  be  gradually  widening 
between  system  designers  and  airline  pilots.  The  piecemeal  introduction  of  new 
technology  and  automation  appears  to  have  alienated  the  end  users  to  the  point  that 
an  operational  philosophy  of  aircraft  utilization  is  not  readily  apparent  at  service 
introduction. 

The  large  performance  differences  that  appear  to  exist  between  pilots  in  their 
operation  of  the  flight  management  and  guidance  systems  may  be  related  to  computer 
literacy.  Pilots  who  perform  better  may  have  more  experience  with  computers  outside 
their  flying  job,  e.g.  owning  PC’s  and  using  them  frequently.  It  would  also  appear 
that  the  coherence  of  the  user’s  own  cognitive  organization  is  instrumental  in 
achieving  prime  performance  since  functional  knowledge  is  what  best  matches  with  the 
design  and  operation  of  these  digital  systems  (Leplat  J.,  1985  ;  Roske-Hof strand  R.J. 
and  Paap  K.R.,  1986  ;  Amalberti  R.,  1987). 

Although  automation  was  introduced  as  a  means  to  reduce  workload  and  eliminate  human 
error  it  does  not  seem  to  raise  unanimity  however.  After  several  years  experience,  it 
was  found  that  automation  would  change  only  the  locus  and  type  of  human  error  (Hagel 
D.C.,  1988).  Whereas  small  errors  may  be  eliminated,  wiener  and  Curry  point  out  that 
gross  blunders  can  creep  in  such  as  systematic  procedural  or  decision-making  errors. 
Prexn  our  observation  of  errors  in  the  case  of  the  A310  crew  complement  certification 
campaign,  it  was  concluded  that  their  mere  existence  -  most  having  been  minor  slips, 
blunders,  mishaps  due  to  problems  in  resource  management  or  insufficient  familiarity 
with  the  aircraft  -  also  made  possible  to  establish  learning  loops  (Speyer  J.-J.,  Fort 
A.,  1983).  SCMne  of  the  recommended  improvements  therefore  concerned  operational 
procedures  and  the  training  syllabus  with  particular  emphasis  on  system  knowledge  and 
functional  insight. 

Nixed  feelings  towards  automation’s  reduction  in  workload  are  reported  in  Wiener's  study 
of  B-757  pilots  (Wiener  E.L. ,  1988).  While  some  would  strongly  agree  (11  %)  or  agree 
(38  %)  as  to  effective  workload  reduction,  an  equivalent  proportion  strongly  disagrees 
(7  %)  or  disagrees  (37  %),  leaving  the  remaining  7  %  uncertain  about  the  actual  effect 
of  automation.  Those  who  generally  claim  "workload  reduction",  would  still  add  that  new 
technology  and  automation  overall  commands  a  proportionally  higher  monitoring  load  due 
to  the  significant  reallocation  of  workload  from  taskload  into  cognitive  work.  As  Curry 
observes  (Curry  R.E.,  Mav  1985),  performance  with  the  new  digital  systems  is  less  likely 
to  be  determined  by  traditional  psychomotor  skills  but  more  by  cognitive  abilities: 
decision-making  behaviour,  systems  knowledge,  monitoring  behaviour  and  crew 
coordination.  Several  features  of  new  technology  were  nonetheless  found  to  minimize 
mental  operations  or  transformations:  the  speed  trend,  map  display,  altitude  arc  etc. 

Pear  of  skill-erosion  due  to  automation  has  pilots  practice  preventive  hand-flying.  But 
as  Swissar's  Mollet  points  out  "if  the  basic  training  of  the  pilot  has  been  sufficient 
(scanning  technique,  basic  flying  and  navigation)  a  normally  gifted  pilot  should  have 
sufficient  training  to  handle  all  normal  and  alxiormal  situations  (Mollet  C., 
February  1988)",  The  only  relevant  loss  of  performance  seems  to  be  attributable  to 
monitoring  problems  particularly  as  a  result  of  distractions.  When  operating  with  a  lot 
of  automation  the  effects  of  distraction  do  not  manifest  themselves  as  when  practising 
instrument  flying.  Instruments  flying  will  usually  break  down  when  the  pilot 
concentrates  on  one  important  piece  of  information  to  the  detriment  of  the  other 
aspects.  Feedback  from  improper  monitoring  of  automatic  equipment  does  not  occur  very 
often:  only  in  the  fairly  rare  and  simultaneous  conditions  that  automation  fails  to 
operate  as  intended  and  that  the  pilot  is  distracted. 

Another  tendency  is  that  some  pilots  would  progreun  a  recovery  and  not  turn  off 
automation.  This  may  be  the  lesult  of  simulator  and  line  training  where  the  emphasis 
would  be  put  on  proper  operation  of  automatic  equipment. 

In  an  attempt  to  widen  his  human  factors  principles  of  automation  (Curry  R.E.,  May 
1985),  Curry  estates  the  idea  of  displaying  data,  not  commands.  Removing  the  necessity 
for  the  p^lot  and  command  generator  to  have  common  objectives,  it  would  allow  pilot 
flexibility  to  modify  his  goals  for  existing  conditions  and  would  keep  him  in  an  active 
role  without  threatening  vigilance  because  of  underload.  Examples  that  go  along  this 
idea  are  the  flight  path  vector,  the  speed  trend  or  the  altitude  arc  prediction  how  all 
introduced  in  the  genuine  glass-type  cockpits  discussed  here. 

Although  the  B-767  was  the  only  aircraft  in  his  study,  Curry  reports  very  similar 
experiences  in  discussions  with  A310  operators,  in  this  respect  it  is  useful  to 
review  the  A310-field  study  performed  at  Lufthansa  (Neumann,  Brandt  N.,  Nay  1988). 

4.3  -  LUPTHAMSA  Fleet  Survya 

This  airline's  policy  is  to  establish  a  sound  basis  2or  future  aircraft 
specifications  frexn  flight  crews'  experience.  Feedback  surveys  were  started  to  this 
effect  as  early  as  in  1976  covering  the  whole  fleet  operated  at  that  time,  B-707, 
B-727-200,  B-737-100,  B-747,  DC-10,  A300-B2  (Figure  2).  Major  technological  innovations 
in  store  for  new  airplanes  could  already  be  expected  and  the  question  was  whether  and 
how  to  proceed  with  further  automation  than  already  available  then.  Another  survey  was 
launched  shortly  after  the  A310-200  and  737-200  Advanced  introductions  to  enquire  about 
pilot's  acceptance  of  the  new  technologies. 
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toswers  to  questionnaires  were  provided  by  means  of  a  S-polnt  evaluation  scale 
exhibiting  a  neutral  position  as  the  Likert -scheme  adopted  by  Wiener  and  Curry.  The 
pilot  questionnaire  consisted  of  two  main  parts.  The  first  dealt  with  overall  cockpit 
lay-out,  general  handling  qualities  and  airplane  systems  while  the  second  was 
cr  cerned  with  the  electronic  Interfaces  to  the  crew  (ECAH,  EFIS,  AFS,  FMS). 
Questions  on  the  latter  were  divided  Into  four  man-machine  Interface  areas; 

-  physical  interface  (reach  and  see):  controls  location,  reach  and 

handling,  display  location,  readability,  colour  and  lighting,  etc _ _ 

-  operational  Interface  (dialogue  and  understanding):  operational  rules, 
display  rules,  amount  of  necessary  learning  s  training,  etc..., 

tool  Interface  (application):  modes,  usefulness,  adequateness  and 

Importance , 

-  organizational  interface  (fit  into  the  environment):  reliability, 

logistics,  ATC  constraints,  procedures  update  6  improvement. 

Pilots  with  more  than  500  hours  on  the  A310  generally  judged  the  aircraft  more 
positively  than  those  with  less. 

-  The  ECAM's  operating  and  display  rules  did  not  create  any  difficulties.  Aural 
warnings  were  however  considered  as  too  loud  attention  catchers.  The  19D6-survey 
had  on  the  other  hand  indicated  a  rejection  of  these  since  oeing  found  too  ..'.merous 
for  proper  discrimination.  The  principle  of  computer-aided-guidance  during  n-irmal 
and  abnormal  operations  was  generally  welcomed.  But  the  procedures  themselves  as 
offered  in  the  BCAH  got  rather  limited  pilot  acceptance.  They  were  criticised  as 
sticking  still  too  much  to  the  flight  engineer  concept  of  the  A300  B2/B4, 
containing  too  many  unnecessary  "monkey"  switching  actions.  Because  of  missing 
capacity  and  redundancy  of  the  ECAH,  switching  from  screen  to  paper  checklist  and 
vice  versa  was  also  considered  as  potentially  confusing.  Overall  it  was  claimed 
that  thorough  training  and  skill  was  necessary  to  handle  complex  failure 
situations.  As  the  A310  is  a  fairly  reliable  aircraft,  proficiency  in  dealing  with 
these  difficult  cases  does  not  build  up  in  routine  line  operations.  So  only  the 
simulator  is  left  as  an  appropriate  learning  tool  to  develop  the  necessary 
abilities.  Almost  no  pilots  had  ever  seen  any  serious  ECAH  failure  at  all. 

-  The  transfer  from  electromechanical  to  electronic  flight  instruments  (EFIS) 
received  overwhelming  acceptance.  It  was  clearly  recognized  that  displaying  on 
CRT's  of  flight  parameters  in  an  easy  and  self-explanatory  way  was  leaving 
electro-mechanical  techniques  far  i)ehind.  The  primary  flight  display’s  (PFD) 
speed  scale,  radar  height  indication  and  aural  transmission  on  short  finals  are 
much  appreciated  for  instant  situational  awareness.  The  MAP-mode  is  considered 
to  be  the  most  important  navigation  display's  (ND)  feature  followed  by  the  PLAN, 
ROSE  and  ARC-modes.  The  drift  angle  presentation  and  flight  path  vector  are  not 
Ijeing  likened  with  regard  to  importance,  flyability  and  utilization.  The 
location  of  the  navigation  display  is  found  suboptimal  since  it  is  partly  hidden 
behind  the  control  column.  Knowledge  and  practice  with  the  display's  symtxjlogy 
was  found  to  be  best  acquired  during  simulator  and  line  training. 

-  Most  pilots  found  it  important  to  have  the  readout  of  the  automatic  flight  system's 
(AFS)  flight  control  unit  (ECU)  repeated  in  the  PFD  or  NP  (e.g.  altitude  and  V/S 
values).  The  existing  information  content  of  the  A310  flight  mode  annunciator  (FMA) 
is  highly  appreciated  with  regard  to  colour,  quantity  and  arrangement.  The  amount 
of  modes  for  lateral  &  vertical  navigation  and  for  thrust  control  is  considered 
adequate.  Most  of  the  crews  having  more  than  500  hours  use  virtually  all 
possibilities  of  the  AFS. 

-  As  in  the  Curry  &  Wiener  surveys  on  the  B-767/MD-80  the  coordination  of  AFS 
(lateral/vertical)  and  ATS  (autothrust)  is  not  considered  fully  satisfactory 
especially  in  altitude  capture  during  descent  or  localizer  capture  in  Land  mode. 
At  the  time  of  the  Lufthansa  survey  vertical  navigation  with  the  FMS  was  still 
in  a  fairly  introductory  stage  with  OP+t  n-status  still  far  out.  Most  crews 
would  take  off  in  Navigation  (NAV)  i  Profile  (PROF)  modes  with  a  very  minor 
portion  relying  solely  on  manual  handling  with  flight  director  (FD).  In  descent 
the  PROF  mode  was  usually  not  l^eing  used  at  the  time  of  the  enquiry.  Slightly 
more  than  half  of  the  pilots  would  fly  manual  ILS  approaches,  a  small  proportion 
would  fly  manual  non-precision  approaches.  Most  visual  approaches  were  flown 
manually  'aith  FD.  Nearly  all  landings  would  )3e  manual,  without  use  of  control 
wheel  steering. 

-  The  arrangement  of  the  FHS's  keys  was  fully  accepted  by  the  group  having  500  hours, 
false  inputs  being  considered  possible  nonetheless  due  to  close  location  of 
parallel  line-select  keys.  Fast  slewing  apparently  would  lead  to  stepping  past 
pages,  incorrect  data  format  was  often  experienced.  But  the  menu  technique  and 
scratchpad  were  highly  appreciated,  learning  being  best  accomplished  "on  the  job". 
Insertion  of  navaids  not  in  the  database  and  of  waypoints  by  means  of  the 
scratchpad  was  found  to  be  an  area  for  improvement.  Some  found  that  in  rare 
instances  it  was  hard  to  get  quickly  by  specific  data  such  as  runway-,  route-. 


or  way-point-changes  or  return  to  departure.  As  in  the  other  surveys  this  one  also 
confirmed  FHS  response  times  to  reguire  improvements.  Overall,  there  was  still 
satisfaction  with  the  FHS,  to  the  point  of  having  aircraft  control  performed  by 
this  system  rather  than  through  the  AFS's  FCU  (except  for  approach  and  landing 
because  of  the  status  of  profile  mode  at  the  time  of  the  questionnaire 
distribution) . 

-  In  conclusion,  it  emerged  from  the  Lufthansa  project  that  crews  indeed  wanted 
automation  further  developed  in  order  to  improve  systems  integration  and  crew 
interface.  In  particular,  automation  was  found  in  need  for  improvement  in  as  far  as 
it  would  allow  to  become  as  good  or  better  than  manual  operation.  As  Mollet  reports 
(Mollet  C.,  February  1988)  pilots  are  not  always  in  a  position  to  realize  how  much 
better  a  safe  and  comfortable  trajectory  can  (se  maintained  using  digital  flight 
guidance  systems.  By  the  same  to)cen  it  also  appears  that  copilots  would  tend  to 
)inow  more  of  their  systems  while  captains  would  he  less  critical  of  them. 

While  the  BCAM/FHS  would  need  further  development  and  periodic  update,  training 
would  require  further  adaptation  and  flexibility.  In  this  respect  the  A320  should 
provide  a  promising  check  as  to  the  improvements  effectively  reached. 

Similar  to  the  Curry  study  on  the  "767,  the  A310  study  of  Lufthansa  confirms  the 
preference  of  new  technology  aircraft  (Figure  2),  the  absence  of  outright  reluctance 
with  regard  to  automation  regardless  of  the  possibilities  of  errors  or  loss  of  flying 
proficiency.  This  emerges  particularly  after  having  accumulated  over  500  flying  hours 
equivalent  to  about  one  year's  airline  rostering.  Copilots  are  usually  eager  to  see  even 
more  implementation  functions  than  do  captains  who  tend  to  accept  systems  as  they  are. 
Both  would  welcome  initial  training  putting  more  emphasis  on  hesLcs  and  practical  hints 
to  reinforce  know  how  and  general  understanding. 

What  definitely  appears  to  (se  required  is  intuitive  design  which  should  allow  the  pilot 
to  understand  more  easily  the  automation  systems  at  work  to  take  over  if  necessary 
IKlopfstein  M.,  May  1987).  This  type  of  transparency  would  help  to  monitor  more 
straightforwardly  automation  performance  and  limits.  Providing  the  pilot  with  such  a 
flight  management  information  system  should  relieve  him  of  monitoring  and 
declslon-ma)tLng  since  automation  would  serve  as  a  watchdog,  providing  (benchmarks  t. 
alternatives,  assisting  the  pilot  with  automation  resources,  possibly  tracking  workload 
patterns  and  some  day  crew  errors  (Pelegrin  M. ,  October  1986  t  Speyer  3.-J., 
Octoljcr  1986  ;  Wiener  E.L.,  1988  ;  O'Donnell  R.D. ,  Septemlier  1988  ;  Shingledecker  C.A., 
September  1988 ) . 

4.4  -  AIBBOS  Sldestick/Fly-bv-wire  Survey 

The  Lufthansa  study  makes  several  hints  at  improving  specifications  of  next  generation 
aircraft  which  Incidentally  were  already  implemented  on  the  A320.  Assertive  of  this 
airline-oriented  approach  to  new  technology  development.  Airbus  performed  a  first  phase 
"proof -of -concept"  experiment  in  the  second  part  of  1983  also  supported  by  a 
questionnaire-interview  approach. 

A  test  installation  of  hybrid  fly-by-wire  was  placed  in  the  Airbus  Industrie  A300 
flying  testlied  (MSM  003)  the  objective  being  to  evaluate  the  concept  associated  with 
side-stick  control.  The  conventional  controls  for  the  CMl  or  left-seated  pilot  were 
removed  and  replaced  with  a  sidestick  controller  mounted  on  the  pedestal  to  that 
pilot's  left.  Inputs  from  the  sidestick  went  to  a  computer  which  simulated  the 
functions  and  control  laws  of  the  EFCS  (Electronic  Flight  Control  System)  and 
controlled  the  elevator,  ailerons  and  pitch  trim  tabs  through  the  autopilot.  Some  75 
flying  hours  were  achieved  with  48  pilots  from  5  airworthiness  authorities,  12  airlines 
and  Airbus  Industrie. 

Here  also  qualitative  assessment  was  made  through  a  detailed  questionnaire  containing 
42  questions  filled  in  by  each  team  of  visiting  aircrew;  25  such  questionnaires  were 
submitted  the  summary  (being  available  in  Table  1  with  as  answering  scale  again  the 
6-point  attitude  scale  that  had  (been  as  exercized  in  the  A310  survey. 

The  overall  result  was  extremely  positive  and  showed  no  difficulties  of  adaptation  to 
the  side-stick,  unanimous  approval  of  the  C*  pitch  law,  unanimous  enthusiasm  for  the 
flight  edvelope  protection  especially  at  low  speed  and  an  unexpected  necessity  to 
further  develop  lateral  control,  a  positive  contribution  towards  design  of  this  type 
of  survey  (Corps  G.C.,  October  1986). 


table  1  -  SIDBSTICK/FLY-By-NI1tB  EVAIAATIOM  A300  DSN  003 
Summary  of  the  Questionnaire  Answers 


Unacceptable 

Excellent 

RATING  SCALE  1 

2 

3 

4 

5 

6 

NUMBER  OF  ANSWERS  17 

1.6  t 

34 

3.2  % 

92 

8.8  % 

204 

19.4  » 

352 

33.6  1 

317 

30.2  t 

-  Unanswered  questions  34  or  3.2  % 

-  Total  number  of  answers  1050  from  25  questionnaires 

-  Hote  that  25  of  the  51  answers  in  142  were  related  to  roll  characteristics. 


11-13 


Questions  submitted  pertained  the  whole  range  of  issues  at  stake: 

“  position  architecture,  range  of  movement  of  the  controller  and  associated 
armrest, 

*■  harmonization  of  pitch  &  roll  control  forces,  operating  forces  and  ease  of 
making  control  inputs, 

^  absence  of  mechanical  coupling  between  left  tt  right  controllers, 

-  little  or  no  need  for  trim  change  in  pitch, 

-  ease  of  precise  control  in  pitch,  effectiveness  of  flight  control, 
protection  at  high  speed  or  high  incidence  approaching  the  stall, 

-  ability  of  precise  control  in  roll,  effectiveness  of  flight  control, 
protection  at  high  bank  angles, 

“  ability  to  accurately  control  the  bank  angle  close  to  the  ground  at  take-off 
&  landing. 

Pilots  who  participated  v;ere  all  well  experienced  in  the  operation  of  commercial  iet 
aircraft.  Some,  still  copilots,  had  no  difficulties  at  all  to  change  hands  for 
switching  from  right  to  left  hand  scat.  As  a  group  they  did  not  feel  uncomfortable 
with  the  idea  of  being  primarily  responsible  for  the  management  of  system  interfaces 
rather  than  the  direct  operation  of  their  aircraft. 

4.5  -  Concluding  comoent 

Host  crews  interviewed  in. field  studies  do  Indeed  express  high  praise  for  the  new  "glass 
cockpits".  These  would  essentially  provide  a  more  dynamic  source  of  information  and 
greater  awareness  of  the  aircraft  with  respect  to  the  operating  environment  effectively 
making  conventional  electromechanical  cockpits  obsolete. 

In  fairness  to  all,  Wiener  also  admits  in  a  later  paper  (Wiener  B.L.,  1985a)  that  the 
negative  side  of  automation  should  not  be  overstated,  number  of  automation-  or 

design-induced  incidents  brought  about  by  new  technology  has  been  very  limited  and  their 
consequences  very  small.  Most  automation  would  seem  to  work  with  very  high  reliability 
and  pilots  themselves  are  very  satisfied  with  new  control  and  monitoring  interfaces 
(Gannet  J.R.,  October  1982  j  Nordwall  B.D. ,  November  1986)  when  compared  to  former 
equipment.  The  "good  old  days"  fallacy  is  even  repeatedly  discredited  with  recent 
incidents  and  accidents  having  occurred  on  earlier  technology  aircraft  (Machado  F., 
1984  ;  Bruggink  G.,  1983  ;  Int.  Journal  of  Aviation  Safety  1985  j  NSTB  -Aircraft 
Accident  Report-  March  1986). 

Caution  with  regard  to  the  human  factors  impact  of  new  technology  will  however  remain  to 
be  exercized  and  all  aircraft  manufacturers  are  v;ell  aware  of  the  support  this  new 
discipline  will  have  to  offer  to  aircraft  design  and  systems  integration  if  the  industry 
indends  to  maintain  its  commitments  to  safety  and  efficiency. 

5.  mroiWAMCB  gVALDATIOW  OF  HEW  TBCHHOtX)OT 

5.1  -  Principles  of  Engineering  BxperinentB 

Increased  focus  on  man-machine  interface  analysis  formally  began  in  the  aftermath  of  the 
US  Presidential  Task  Force  on  crew  complement  which  had  recommended  more  emphasis  in 
this  area.  Two  experimental  studies  were  performed  in  cooperation  with  DUNLAP  & 
ASSOCIATES  (Hartford,  Connecticut,  USA)  to  investigate  the  impact  of  new  digital 
equipment  that  was  to  be  installed  in  the  A310. 

Although  described  in  detail  in  Agardograph  N*  282  on  the  Practical  Assessment  of 
Pilot  Workload  it  is  useful  to  review  the  essentials  in  light  of  this  paper’s  focus 
on  the  impact  of  new  technology.  The  Performance  criteria  Methodology  developed  in 
these  engineering  experiments  (Lipson  Ch.,  Narendra  J.S,,  1973)  was  also  applied  in  a 
third  study  to  investigate  the  impact  of  side-stick/fly-by-wire  that  would  eventually 
equip  the  A320.  This  third  application  will  be  presented  in  more  detail  here. 

The  first  two  evaluation  studies  were  undertaken  to  compare  the  overall  performance 
of  the  pilot/aircraft  system  between  flights  using  conventional,  electromechanical 
primary  flight  instruments  and  those  flown  with  the  new,  electronic  flight 
instruments  (BFIS)  and  the  flight  management  system  (FMS).  Data  collection  for  the 
EPIS  experiment  was  undertaken  in  an  A300  flight  test  6  development  aircraft 
(MSN  003)  which  for  this  purpose  was  specifically  equipped  with  conventional 
instruments  installed  in  front  of  the  left  seat  position  and  EFIS  installed  in  the 
right  seat  position.  Data  collection  for  the  FMS  experiment  was  undertaken  in  a 
production  A310  which  had  both  the  EFIS  and  FMS  at  both  pilot  positions. 

Both  aircraft  had  on-board  computerized  recording  of  all  relevant  flight  parameters 
at  rates  in  excess  of  one  per  second.  Both  studies  utilized  a  factorial  experimental 
design  in  which  relevant  parameters  were  systematically  varied  as  the  experimental 
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subjects  (senior  Airbus  test  pilots  who  had  never  flown  with  EFIS  nor  FMS  before) 
repeatedly  flew  specifically  designed  circuits. 

5.2  -  EFIS  Perforaanca  Criteria  Anslvsla 

The  pattern  used  in  the  EFIS  experiment  was  a  modified  standard  training  circuit  that 
posed  a  variety  of  flying  problems  for  the  pilots. 

Altitudes,  airspeeds,  flaps  and  slats  positions,  a  holding  turn,  clinib  and  descent  rates 
and  banlt  angles  were  all  precisely  specified  to  ensure  comparability  of  data  from 
circuit  to  circuit.  Three  conditions  were  chosen  to  provide  a  range  of  situations  under 
which  the  instruments  would  be  compared  and  to  vairy  worlcload  for  statistical  comparison: 
FD  (Flight  Director  and  Autothrottle  system  on),  ILS  (Flight  Director  and  Auto  Throttle 
system  off,  raw  data)  and  MDB  (Flight  Director,  Autothrottle  and  ILS  off,  non-precision 
configuration).  The  circuit  was  designed  so  that  the  flying  pilot,  who  wore  a 
helmet-mounted  hood,  would  have  to  utilize  extensively  the  information  on  the  primary 
flight  displays  or  flight  Instruments.  In  all,  24  circuits  were  manually  flown  with  each 
combination  of  two  pilots,  two  displays  /  instruments  and  three  conditions  repeated 
once.  The  major  analytical  technique  chosen  for  the  instrument  comparison  was 
multi-dimensional  analysis  of  variance:  ANOVA  (Llpson  Ch. ,  Narendra  J.S.,  1973)). 

The  results  of  this  EFIS  study  Implied  some  significant  performance  (oenefits  from 
flying  with  CRT  displays.  Significantly  higher  control  reversal  rates  with  associated 
lower  standard  deviations  of  control  positions  when  the  test  aircraft  was  flown  from 
the  right  seat  with  the  EFlS  strongly  suggest  closer  trac)clng  of  criterion  values. 
This  is  li)cely  (because  the  EFIS  provided  (setter  information  for  manoeuvering, 
particularly  with  respect  to  airspeed  and  pitch  behaviour  of  the  aircraft,  than  did 
the  conventional  Instruments.  The  observed  high  control  reversal  rates  when  flying 
with  the  EFIS  may  be  partially  attributed  to  the  total  absence  of  lash  in  the 
displays  and  the  thinner  indicator  lines  and  bars  which  li)cely  enable  the  pilots  to 
respond  to  changes  they  could  not  even  detect  reliably  on  the  conventional,  electro¬ 
mechanical  instruments. 

It  can  therefore  ]se  concluded  that  pilot/aircraft  system  performance  was  equivalent 
or  better  on  all  measures  when  the  aircraft  was  flown  using  the  EFIS  than  when 
conventional  Instruments  were  used.  Measures  of  smoothness  and  precision  of  flight 
showed  the  greatest  contrast  between  the  EFIS  and  conventional  instruments. 

These  findings  must  be  Interpreted  with  the  understanding  that  neither  pilot  had 
extensive  experience  flying  with  the  EFIS.  Both  were  familiar  with  its  principles  and 
design,  but  neither  pilot  had  amassed  enough  time  with  the  instrument  to  be 
comfortable  with  it.  Certainly,  their  experience  with  the  EFis  was  infinitesimal  when 
compared  to  the  large  number  of  hours  they  had  flown  with  conventional  instruments. 
It  is  therefore  reasonable  to  hypothesize  that  a  greater  level  of  pilot  familiarity 
with  the  EFIS  would  have  shown  an  even  larger  EFIS  performance  benefit  when  flying  in 
the  normal  to  moderately  difficult  flying  situations  experienced  during  this 
experiment. 

5.3  -  FMS  PerfomaBce  Criteria  Analysis 

The  circuit  for  the  FMS  study  consisted  of  a  Standard  Instrument  Departure  ISID)  and 
a  Standard  Arrival  Route  (STAR)  with  a  single  procedure  turn  as  a  holding  pattern. 
Altitude  and  airspeed  changes  were  specified  at  prescribed  points  in  the  circuit  to 
Increase  pilot  wor)(load  and  exercise  the  combined  information  on  the  PFD  and  ND.  The 
total  experiment  consisted  of  flying  the  circuit  10  times  in  three  different 
conditions,  i.e.  NAV  (once  by  each  pilot,  FMS  coupled  to  Autopilot),  STANDARD  (twice 
by  each  pilot.  Autopilot  without  FMS),  MANUAL  (twice  by  each  pilot,  FMS  for  ND-map 
generation)  without  Autopilot. 

Examination  of  the  significant  effects  frran  the  ANOVA’ s  calculated  from  this 
engineering  experiment  showed  clear  patterns  of  findings  directly  lin)ted  with 
differences  among  the  three  studied  conditions.  The  nunber  of  these  differences  and 
their  logical  consistency  indicated  that  they  were  real  and  not  chance  findings.  It  was, 
therefore,  particularly  noteworthy  that  none  of  the  significant  findings  indicated  or 
even  suggested  a  performance  problem  related  to  the  FMS.  Regardless  of  whether  it  was 
coupled  with  the  autopilot  or  its  information  was  used  directly  by  the  pilots,  the  FMS 
produced  extremely  consistent  and  high  quality  performance. 

The  performance  (senefits  of  the  NAV  condition  were  clearly  documented  by  this  study. 
The  FMC  appears  capable  of  commanding  the  AF  to  navigate  the  aircraft  in  the 
horizontal  plane  with  great  precision  and  repeatability.  This  frees  the  pilots  to 
attend  to  other  tas)is  or  simply  reduces  their  worirload  and  makes  them  more  available 
to  respond  to  unexpected  occurrences.  It  is  also  Important  to  realize  that  the 
performance  )3eneflts  of  the  NAV  condition  were  achieved  without  noticeably  altering 
the  "style"  in  which  the  aircraft  flew  the  circuit.  The  tracks  produced  )>y  the  FMS 
appeared  "normal,"  i.e.,  not  unlike  the  intended  track  or  the  tracks  produced  when 
the  pilots  flew  in  the  STANDARD  condition.  There  was  no  apparent  cause  for  concern 
that  flight  tracks  flown  with  the  FMS  in  conmand  would  differ  materially  from  those 
flown  by  aircraft  not  equipped  with  sn  FMS.  Hence,  it  could  be  concluded  that  the 
Airbus  A310  and  similarly  equipped  aircraft  should  blend  smoothly  and  easily  into  the 
existing  ATC  environment  regardless  of  the  mode  in  which  they  are  flown. 
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The  results  from  the  MANUAL  condition  led  to  several  additional  conclusions.  First,  the 
Information  displayed  on  the  ND  by  the  FHC  was  obviously  accurate  and  consistent  from 
trial-to-trial.  Second,  the  pilots  were  clearly  able  to  interpret  the  ND  and  use  the 
Information  to  fly  precise  and  repeatable  tracks.  Finally,  the  response  style  of  the 
pilots  when  flying  manually  suggests  that  they  responded  to  smaller  deviations  from 
nominal  flight  parameter  values  than  did  the  autopilot.  This  resulted  In  somewhat  lower 
parameter  standard  deviations  when  the  autopilot  was  engaged  and  somewhat  higher  control 
reversals  and  rates  through  zero  when  the  pilots  flew  manually.  Which  leads  to  the 
logical  conclusion  that  pilots  can  safely  and  accurately  fly  an  FMS-equipped  aircraft 
even  If  both  autopilots  were  to  fall  as  long  as  the  FMS  were  available  to  drive  the  map 
mode  of  the  ND.  Moreover,  the  results  lead  to  the  strong  implication  that  in  critical 
flying  situations  in  which  track  must  be  maintained  with  the  greatest  possible  precision 
for  short  periods  of  time,  it  would  likely  be  better  to  disengage  the  autopilot  cuid 
allow  the  pilots  to  follow  the  ND  display  manually  as  they  did  in  the  MANUAL  condition 
of  this  experiment. 

Finally,  the  performance  gains  observed  for  both  the  BFIS  and  FMS  were  not  associated 
with  any  increase  in  the  workload  perceived  by  the  pilots  in  the  experiments.  In 
fact,  they  rated  (on  a  10-polnt  numeric  interruption  scale)  flying  with  the  EFIS  as  a 
lower  workload  situation  than  flying  with  conventional  instruments.  Likewise,  use  of 
the  FMS  was  associated  with  lower  rated  workload  than  trials  flown  without  it. 
Although  neither  of  these  latter  differences  was  statistically  significant,  the 
results  provided  the  clear  implication  that  pilot  workload  would  be  positively 
influenced  by  the  introduction  of  these  new,  electronic  flight  instruments. 

5.4  '  Sldestick/Flv-bv-wlre  Pertonnanne  Criteria  Analysis 

5.4.1  -  Experimental  Design 

With  the  experience  gained  in  both  preceding  experiments  it  is  quite  o)svious  that  a 
comparative  test  could  also  be  conceived  for  the  sidestick/f ly-by-wire  combination 
versus  conventional  controls.  Since  AIBBUS  INDUSTRIE'S  flying  testbed  A300  (MSN  001)  was 
involved  in  a  first  phase  proof -of -concept  exercize  whereby  the  conventional  controls 
for  the  CMl  (left)  flying  position  were  removed  and  replaced  with  a  sidestlck, 
arrangements  were  again  made  to  perform  an  engineering  experiment  (Blomberg  R.D., 
Speyer  J.J.,  July  1988). 

In  order  to  assess  the  performance  differences  (between  flying  with  the  sidestick/FBW 
system  and  conventional,  manual  controls,  12  experimental  circuits  were  flown  in 
Decemjeer  1983.  All  circuits  were  flown  from  the  left  seat  using  the  sidestlck 
controller  by  two  senior  test  pilots.  These  same  pilots  had  previously  flown 
12  circuits  from  the  same  seat  of  the  same  aircraft  with  conventional  controls.  Since 
the  testbed  aircraft  is  equipped  with  extensive  instrumentation  to  record  most 
critical  aircraft  performance  parameters,  it  was  possible  to  undertake  a  detailed 
statistical  comparison  of  the  conventional  controls  and  the  FBW  system.  The  circuit 
flown  was  the  same  as  the  one  designed  for  the  EFIS  study  with  again  the  three 
different  combinations  of  aircraft  and  approach  configurations  used  to  vary  pilot 
workload  (FD,  ILS  and  NDB  as  detailed  in  5.2).  Go  around  was  initiated  at  100  feet 
ratio  altitude  for  the  FD  and  ILS  conditions  and  at  300  feet  for  the  NDB  approaches. 

The  same  four  measures  (mean,  standard  deviation,  transitions  through  zero,  reversal 
rates)  were  calculated  as  appropriate  from  the  various  flight  parameters  and  used  in  an 
analysis  of  variance  (AHOVA)  to  determine  if  differences  existed  which  could  confidently 
1*  attributed  to  the  control  system  being  used.  Subjective  ratings  using  the  10-point 
interruption  scale  referred  to  in  sections  5.2  and  5.3  were  again  collected  at  various 
points  to  compare  workload  levels  in  either  condition. 

The  results  of  this  experiment,  which  are  sunmarized  in  the  following  documented 
several  major  performance  benefits  of  the  sldestlck/FBW  system. 

5.4.2  -  Smoothness  and  stebiUtv  imprcryaients 

All  measures  of  smoothness  and  stability  favoured  the  sldestick/FBW  system  by  a 
considerable  margin.  The  standard  deviations  of  roll  and  pitch  angles  were  reduced 
significantly  for  the  sidcstlck/FBW  circuits  as  shown  in  Figure  3.  This  indicates 
that,  on  average,  there  were  significantly  smaller  departures  from  the  mean  value  of 
pitch  and  roll  angle  when  the  FBW  system  was  used. 

The  standard  deviations  of  roll,  pitch  and  yaw  rates  (speeds)  showed  an  even  greater 
improvement  in  smoothness  as  depicted  in  Figure  4.  At  the  same  time,  the  nunter  of 
transitions  through  zero  for  these  three  rates,  dro{q>ed  dramatically  as  illustrated 
in  Figure  5.  Together  these  results  show  that  significantly  more  stable  flight  was 
achieved  with  the  sldestlck/FBW  than  with  conventional  controls.  It  is  Interesting  to 
note  that  the  Isenefits  in  roll  and  pitch,  which  are  directly  controlled  by  the  FBW 
system,  also  extended  to  yaw  rate  likely  because  the  smoother  flight  performance 
induced  less  yaw  that  had  to  l>e  corrected  )3y  the  yaw  damper. 

Accelerations  on  all  three  axes  also  showed  a  large  benefit.  In  figure  6,  which  shows 
acceleration  measured  through  the  center  of  gravity  of  the  aircraft,  a  large 
reduction  in  transitions  through  zero  is  readily  apparent.  This  should  relate 
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directly  to  both  saoother  systM  performance  and  increaaed  paasenger  comfort.  Further 
eniAiaslzing  the  likely  benefits  In  terms  of  passenger  comfort  was  the  sharp  reduction 
In  the  average  lateral  acceleration  for  the  12  clrcnilts  flown  with  the  sidestlck/FBW 
system.  Although  lateral  acceleration  with  either  control  system  was  small,  the 
sldestlcfc/FBW  managed  to  reduce  the  absolute  magnitude  of  this  undesirable  parameter 
by  a  factor  of  four  from  .004  g's  to  .001  g’s. 

5.4.3  -  Fuel  eftlelenev 

The  Improvements  In  smoothness  and  stability  noted  above  suggest  that  the 
aircraft/pilot  system  performs  more  efficiently  when  flown  with  the  sldestlck/PBW 
controls.  This  in  turn  should  yield  lower  fuel  burn  and  reduced  stress  on  the 

airframe.  In  fact,  every  parameter  related  to  fuel  burn  showed  significantly  better 
values  for  the  circuits  floim  with  the  sidestick/FBM  system.  For  example,  the 
standard  deviation  of  rudder  position  was  reduced  significantly  from  0.9  degrees  for 
conventional  controls  to  0.6  degrees  for  the  sidestick.  This  means  that  the 

excursions  of  the  rudder  from  its  mean  value  vere  much  smaller  with  the  sidestick 
thereby  reducing  drag. 

The  Improved  efficiency  of  the  sidestick/FBM  was  also  evident  in  the  vertical  speed 

parameter.  The  circuit  flown  by  the  pilots  required  them  to  establish  and  maintain 
precise  rates  of  climb  and  descent  while  simultaneously  holding  target  airspeed.  They 
were  able  to  accomplish  their  vertical  speed  tasks  much  more  smoothly  and  with  fewer 

changes  when  they  flew  with  the  sidestick.  Vertical  speed  standard  deviation  was 

r^uced  from  362  feet  per  minute  for  the  conventional  controls  to  326  feet  per  minute 
for  the  sidestick/FBW  combination.  At  the  same  time,  the  rate  of  vertical  speed 

transitions  through  zero  fell  dramatically  frcsii  B.T  per  minute  to  5.0  per  minute. 
These  effects  were  established  at  the  P  <  0.001  level  i.e.  there  is  less  than  1 
chance  in  a  1000  they  are  due  to  coincidence.  Together  these  results  clearly  show  the 
improved  efficiency  possible  with  the  new  technology. 

The  increased  efficiency  resulting  from  the  use  of  the  FBW  control  system  were 
directly  evident  in  the  Ml  parameter .  Figure  7  shows  a  graph  of  the  standard 
deviation  of  this  parameter  separately  for  the  two  control  systcm<-  a-  i  the  three 

flight  conditions.  The  results  show  several  interesting  effects.  The  values  are 
clearly  lower  for  the  sidestick/FBM  in  all  cases  further  confirming  the  efficiency 

benefits  of  this  system.  However,  with  the  sidestick  the  standard  deviation  is  much 
lower  for  the  II.S  and  NDB  conditions  with  the  autothrottle  system  off  than  for  the 
Flight  Director  (FD)  condition  in  which  the  autothrottle  system  was  on.  This  suggests 
that  the  pilots  may  have  made  many  small  corrections  to  ensure  that  the  Ml  did  not 
deviate  very  far  from  its  mean  value.  This  assumption  is  confirmed  by  Figure  8  which 
shows  the  reversal  rate  for  HI.  The  pilots  made  many  more  throttle  inputs  resulting 
in  reversals  of  Ml  when  they  flew  with  the  sidestick  and  the  autothrottle  system  off 
(Il£  and  MDB  conditions).  This  leads  to  the  assumption  that  the  pilots  had  more  time 
available  to  manage  the  throttle  and  input  changes  when  they  were  flying  with  the 
sidestick.  These  effects  were  again  established  at  the  p  <  0.001  level. 

5.4.4  -  Pilot  tBBkload 

The  suggestion  that  the  taskload  of  the  pilots  was  reduced  was  confirmed  by  analyzing 
their  Inputs  to  the  sidestick  controller.  The  position  of  the  sidestick  was  measured 
in  terms  of  its  pitch  and  roll  angles.  However,  a  pilot  using  the  sidestick  is  free 
to  move  it  in  any  direction  to  accomplish  simultaneous  control  of  pitch  and  roll. 
Therefore,  the  most  meaningful  measure  of  pilot  inputs  to  the  sidestick  was  a 
composite  reversal  rate.  This  rate  was  calculated  by  counting  a  single  reversal  for 
any  second  in  which  either  or  both  pitch  or  roll  angle  reversed. 

The  comparison  of  the  composite  sidestick  reversal  rate  for  the  sidestick-f lown 
circuits  with  the  summed  reversals  of  the  ailerons,  elevators  and  pitch  trim  tabs  for 
the  circuits  flown  with  the  conventional  controls  provides  a  direct  measure  of  any 
reduction  in  pilot  taskload  for  controlling  the  pitch  and  roll  of  the  aircraft.  Any 
elevator,  pitch  trim  or  aileron  surface  movement  in  the  conventional  control  trials 
was  associated  by  definition  with  a  control  movement  since  all  flying  was  under  the 
manual  control  of  the  pilots.  The  results  of  comparing  sidestick  reversals  with  the 
sum  of  reversals  for  pitch  trim,  elevator  and  aileron  is  shown  in  Figure  9.  Pilots 
achieved  the  smoother  and  more  efficient  performance  described  above  with  over  a  50 
percent  reduction  in  control  Inputs.  Considering  a  numeric  filter  to  take  away 
sidestick  vibrations  not  Introduced  by  the  pilot  (less  than  0. 02*/minute)  it  was 
possible  to  show  even  more  allevation. 

The  benefits  of  this  greatly  reduced  task  loading  on  the  pilots  are  obvious.  Their 
ability  to  cope  with  emergencies  should  clearly  be  enhanced.  The  accuracy  associated 
with  non-control  tasks  such  as  internal  and  external  conmunications  should  )>e  greatly 
Improved  while  workload  is  simultaneously  reduced. 

5.4.5  -  Pilot  workload 

An  examination  of  the  table  below  shows  a  slightly  lower  mean  workload  for  the 
sldestiok/fly-by-wlre  flights  but  this  effect  was  not  statistically  significant  the 
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experiment,  not  having  concentrated  specifically  on  this  issue.  Mso  apparent  is  that 
the  ejcpected  ordering  of  conditions  with  respect  to  workload  was  again  achieved. 

These  results  show  that  the  sldestlck-FBW  managed  flights  were  not  associated  with 
any  higher  workload  even  with  pilots  who  were  very  Inexperienced  in  the  use  of  these 
new  flight  controls  at  the  time  of  the  experiment. 
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6.1  -  ProqrasMB  Evolution 

Because  of  the  cost  and  time  pressures  associated  with  minimum  crew  demonstration. 
Airbus  Industrie  decided  to  investigate  the  possibility  of  developing  a  mathematical 
model  capable  of  predicting  pilot  workload  ratings  in  a  valid  and  reliable  manner.  If 
such  a  model  could  be  validated,  it  would  also  have  utility  beyond  the  certification 
of  new  aircraft.  Another  use  would  be  during  the  development  of  new  aircraft  to 
assess  the  potential  implications  of  design  decisions  on  workload.  A  valid  model 
would  also  find  use  as  a  measure  of  training  proficiency.  Figure  10  illustrates  the 
several  steps  that  were  already  performed  in  view  of  this  final  goal  and  these  are 
described  in  the  following. 

6.1.1  -  Identification  of  variables 

-  The  first  step  in  this  process  was  to  determine  if  there  was  any  statistical 
relationship  between  the  scale  ratings  given  by  pilots  during  flight  and  directly 
measurable  aircraft  system  performance  measures.  As  part  of  the  BFIS  performance 
criteria  study  performed  with  Dunlap  &  Associates  Inc.  in  1982  and  referred  to  in 
5.2,  a  number  of  multiple  regression  equations  were  developed  providing  a  good  fit 
between  workload  ratings  and  various  aircraft  performance  measures  as  the 
independent  variables.  This  work  reported  in  Agardograph  n°  282  (Speyer  J.-J.,  Fort 
A.,  Blomberg  R.D.,  Foulllot  J.-P.,  June  1987)  effectively  suggested  that  a  valid 
model  could  be  built. 

-  Also  included  in  this  first  step  was  the  use  of  physiological  variables  to  assess 
pilot  workload.  Since  its  inception  in  1980  work  in  this  field  with  the  Cochin 
I,aboratory  of  Physiology  is  founded  on  the  assumption  that  these  measures  reflect 
the  level  of  neurological  arousal  determined  by  the  demands  of  flight  performance. 
Largely  based  on  the  study  of  BCG's,  work  was  not  limited  to  that  of  heart  rate 
average  alone,  modifications  of  which  are  well  known  since  long  for  acute  phases  of 
flight  such  as  take-off,  landing,  delicate  manoeuvers  or  flight  incidents 
(Dr  Roscoe  A.H.,  October  1986  ;  November  1986  j  June  1987  ;  September  1988  ;  Tekaia 
et  al.,  1981  ;  Fouillot  J.-P.  et  al.,  September  1988).  In  this  context,  the 
introduction  of  contemporary  cockpit  systems  tends  to  reduce  physical  activity  in 
pilot  workload  and  increued  the  utility  of  heart  rate  variability  as  a  potential 
indicator  of  mental  workload  and  emotional  stress. 

Following  the  A310  Minimum  Crew  Demonstration  Dr.  J.-P.  Fouillot  of  the  Cochin 
Laboratory  of  Physiology  (Fouillot  J.-P.  et  al.,  1985  ;  Tekaia  et  al.,  1985) 
demonstrated  a  significant  correspondence  between  a  set  of  heart  rate 
variability  indices  and  exponential  heart  rate  averages  (derived  with  Dunlap  6 
Associates)  and  the  subjective  Airbus  Workload  Scale. 

-  Modelled  after  the  Cooper-Harper  scale,  the  Airbus  Workload  Scale  was  also  adapted 

from  workload  theories  developed  at  MIT  by  Simpson  and  Sheridan  (January  1979)  and 
in  the  ESAU  by  Wanner  (Wanner  J.-P.,  1969).  It  consists  of  7-points  from  2  to  8  and 
offers  one  rating  choice  for  the  low  workload  category  ( 2 ) ,  two  rating 
possibilities  for  the  moderate  (3,  6)  and  two  for  the  high  (5,  6)  workload 

categories.  The  two  remaining  rating  alternatives  concern  extreme  (7)  and 
suprose  (8)  workload  cases  that  require  cautious  judgement  during  post-flight 
assessment.  As  demonstrated  by  means  of  Factorial  Analysis  of  Correspondences 
(Bensecrl  J.-P.  F.,  1980)  in  Agardograph  n*  282,  higher  pilot  workload  ratings 
tend  to  correspond  with  higher  heart  rate  and  lower  heart  rate  variability  while 
conversely  lower  ratings  ate  associated  with  lower  heart  rate  and  higher 
variability  measures. 

6.1.2  -  Wodml  amrmlBWisnt  and  oaloulatlon 

-  The  second  step  was  to  choose  a  specific  approach,  collect  enough  data  and 
actually  calculate  a  model,  with  the  research  results  mentioned  in  the  above  it 
was  reasoned  that  workload  ratings  collected  in  minimum  crew  certification 
osMPelSbs  might  be  modelled  using  not  only  data  extraneous  to  the  crew  (aircraft 
flight  performance  parameters  and  flight  status  measures)  but  also  data 
intraneous  to  the  pilots  (heart  rate  measures) .  That  work  was  acoonplished  using 
the  data  collected  from  the  A310-200  crew  ccnvlement  demonstration  held  in  early 
1983.  It  provided  an  excellent  liasls  for  initial  model  development  since  the 
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60  flights  of  this  csnqpalgn  contained  an  abundance  of  data  Including  subjective 
ratings,  aircraft  performance  measures  and  heart  rate  recordings  of  the  14 
participating  pilots. 

The  flight  scenarios  used  In  this  demonstration  also  covered  a  relatively  wide 
range  of  normal,  abnormal  and  emergency  flight  conditions  representative  of  the 
range  of  situations  that  a  useful  model  would  be  expected  to  predict.  As 
reported  In  Agardograph  n*  282  the  coordinated  effort  between  Airbus  Industrie, 
Dunlap  6  Associates  and  Cochin  Laboratory  of  Physiology  resulted  in  the 
calculation  of  over  50  different  models  of  pilot  workload.  Stepwise  Multiple 
Regression  and  General  Linear  Modelling  (Heter  J.,  Wasserman  W.,  1974)  were  used  to 
by  BlomlDerg  derive  these,  the  best  of  which  was  selected  for  application.  Overall, 
the  following  data  entered  the  development  model: 

-  22  aircraft  performance  measures  (exponential  averages,  rates  through  zero, 

reversal  rates,  number  of  AFC  modes  on), 

14  heart  rate  measures  (level,  difference-baseline  and  overall  mean, 
trend-short  6  long  term,  variance-short  &  long  term) , 

4  flight  status  variables  (flight  condition,  flight  phase,  scenario  group, 
pilot  duty) . 

The  model  fit  quite  well  (R  =  0.665)  with  actual  pilot  ratings  and  was 

statistically  significant  (F  =  8.71,  p  <  0.0001).  However  it  used  107  degrees  of 
freedom  and  the  coefficients  of  some  of  the  terms  in  the  model  were  not 
significantly  different  from  zero.  It  also  Included  some  parameters,  such  as 
tallplane  deflection  and  scenario  group,  which  might  not  be  widely  applicable  to 
other  aircraft  and  flying  situations. 

6.1.3  -  Model  validation  and  simplification 

-  The  third  step  was  therefore  Intended  to  reduce  the  complexity  of  the  model  by 
removing  measures  which  are  difficult  to  collect  and  those  which  might  not  have 
widespread  applicability  across  aircraft  types.  Another  objective  was  also  to 
validate  the  revised  model  resulting  from  this  simplification. 

To  accomplish  this  an  independent  set  of  data  was  needed  which  contained  all  of 
the  measures  In  the  model  and  associated  pilot  ratings  but  which  were  not  part 
of  the  data  the  model  was  built  frexn.  Route  proving  flights  of  the  AllO-300  in 
early  1986  provided  the  most  reasonable  way  to  attempt  such  a  validation.  It  was 
reasoned  that  this  generally  similar  but  sufficiently  different  model  would 
allow  a  fair  initial  test  of  the  model  while  still  providing  an  indication  of 
its  ability  to  predict  reliably  across  aircraft  types.  The  avionics  software  is 
for  example  a  more  advanced  version  than  that  used  in  the  basic  A310-200.  The 
A310-300  also  has  a  tall-mounted  fuel  tank  which  can  bo  used  to  shift  the 
aircraft's  center  of  gravity  for  Improved  fuel  economy. 

Additional  validation  was  also  swight  by  Including  at  least  one  pilot  who  had  not 
participated  in  the  A310-200  campaign.  Two  crews  were  consequently  selected  one  of 
which  had  flown  extensively  In  the  previous  program  and  was  well  represented  in  the 
data  on  which  the  model  was  built.  The  second  crew  was  made  of  two  airline  pilots 
who  regularly  fly  both  A310  variants.  One  of  them  had  participated  in  the  previous 
campaign  but  contributed  few  ratings  to  the  data  the  model  was  based  on.  The  other 
pilot  had  not  participated  in  any  previous  work  at  all. 

The  four  scenarios  selected  for  the  validation  flights  were  chosen  to  represent 
the  full  range  of  observed  ratings  during  the  initial  campaign  and  involved 
normal  flight,  flight  without  autothrottle,  cnglne-out  operation  and  flight 
without  BCAH.  Destinations,  flight  durations  and  routes  were  selected  to  be 
representative  and  similar  to  those  used  with  the  A310-200.  Each  scenario  was 

flown  twice,  once  by  each  crew,  to  accomplish  a  repeated-measures  design  for  a 
total  of  eight  flights. 

The  first  development  effort  had  utilized  a  split-half  design  to  calculate  a 
model  and  assess  Its  validity.  Under  this  approach,  the  data  for  the  1282 
available  ratings  taken  during  the  A310-200  certification  flights  were  divided 
arbitrarily  Into  two  halves.  A  model  had  been  calculated  on  one  half  and 

validated  on  the  other.  For  the  model  simplification  effort,  an  entirely  new  set 
of  775  ratings  from  8  flights  in  a  slightly  different  type  of  aircraft  was 
available  as  validation  data  set.  All  of  the  1282  data  points  in  the  development 
data  could  therefore  be  used  for  model  building  with  the  new  data  reserved 

solely  for  validation. 

The  task  of  revising  and  validating  the  model  involved  extensive  data  processing 
and  management  using  similar  measures  and  statistical  techniques  as  In  the 

initial  development.  Data  management  was  again  a  major  undertaking  )Doth  because 
of  the  size  of  the  data  and  because  four  different  sets  of  Information  recorded 
In  completely  different  ways  had  to  be  Integrated,  e.g.  rating  data,  aircraft 
data,  heart  rate  data  and  log  data.  The  latter  provided  tlme-l>aBed  references 
with  respect  to  flight  phase,  flight  condition,  type(s)  of  fallure(s)  and 
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specifications  of  pilot  flying/ non  flying.  In  short,  the  following  type  of  data 
entered  the  revised  nodel: 

-  10  aircraft  performance  measures, 

-  11  heart  rate  measures  (rating  pilot  4;  non-rating  pilot  7), 

6  flight  status  variables,  e.g.; 

.  flight  condition, 

.  flight  phase, 

.  pilot  role, 

.  number  of  ECAM  displays  available, 

.  nunber  of  FMS's  available, 

.  autothrottle  available  or  not. 

This  represents  a  significant  reduction  in  complexity  from  the  original.  The 
ability  of  the  simplified  model  to  predict  accurately  the  ratings  given  by  the 
pilots  was  not  reduced  meaningfully  by  the  process  of  simplification.  The  multiple 
E  for  the  revised  model  was  0.664  as  compared  to  0.665  for  the  original  version. 
Also,  the  statistical  properties  of  the  revised  model  are  superior  to  the  original. 
It  uses  only  63  of  the  available  degrees  of  freedom  conqpared  with  107  for  the 
earlier  version;  its  F-value  is  almost  doid>le  that  of  the  original  (F  =  15.21,  p  < 
0.0001) . 

In  addition  to  improved  statistical  properties,  the  revised  model  does  not 
contain  any  aircraft  measures  which  are  not  normally  available  on  present  and 
contemplated  jet  transport  aircraft.  It  also,  does  not  contain  any  flight  status 
measures  which  should  present  a  data  collection  problem.  The  data  for  each  of 
the  measures  used  is  typically  recorded  on  standard  flight  recorders.  The 
revised  model  was  used  to  calculate  predicted  values  for  the  775  ratings 
collected  during  the  eight  AllO-300  route  proving  flights.  The  calculated  rating 
values  were  then  correlated  with  the  actual  ratings.  The  Pearson  product  moment 
correlation  coefficient  between  actual  and  calculated  rating  scores  was  0.44 

(significant  with  p  <  0.0001).  Thus,  it  was  possible  to  conclude  that  the  model 
as  developed  in  the  A310-200  was  valid  and  IDcely  applicable  across  an  even 
wider  range  of  aircraft  types  and  flying  situations. 

The  successful  validation  of  a  workload  calculation  model  meant  that  the  model 
could  t)e  used  confidently  in  certification  and  as  an  aid  to  aircraft 
development.  There  was  still  no  practical  evidence  however  of  the  applicability 
of  the  model  to  the  next  generation  of  Airbus  aircraft  which  will  all  have 
sidestick  controllers  and  fly-by-  wire  control  systems.  The  model  had  (seen 
developed  and  validated  in  a  conventional  control  environment.  Since  fly-by-wire 
control  can  change  the  response  of  an  aircraft  under  certain  flying  conditions 
efforts  had  to  be  devoted  to  determine  if  the  model  could  make  the  transition  to 
fly-by-wire.  Also,  the  output  of  the  model  can  bo  considered  as  a  pilot/ 

aircraft  system  performance  measure  which  could  find  application  for  pilot 
selection  and  training  provided  norms  for  pilot  groups  of  interest  can  be 

established.  But  similarly,  there  were  no  insights  on  how  the  model  might  react 
in  the  various  manoeuvers  used  in  pilot  training. 

6.1.4  -  Model  application  to  the  flv-bv-wlre  concept 

-  The  fourth  step  in  building  a  workload  calculation  system  aimed  therefore  at 
examining  the  model's  performance  with  sidestick/f ly-by-wire  and  in  specific 
manoeuvers  more  like  training  than  any  previous  use  of  the  model  had  allowed. 
Referred  to  earlier  as  part  of  the  development  program  for  the  A320, 
demonstrations  on  flying  testbed  A300  n"  3  provided  an  ideal  platform  for 

further  investigation.  This  aircraft  was  experimentally  eguipped  with  dual 
sidestick  controllers  and  a  hybrid  fly-by-wire  control  system. 

The  flight  plan  for  demonstrations  to  airline  and  Airworthiness  Authority  guest 
pilots  involved  extensive  free  flying  as  well  as  six  special  manoeuvers  described 
as  follows: 

simulated  engine  failure  at  take-off  rotation, 
high  g  demonstration  up  to  a  2  g  load, 

bank  angle  limiting  demonstration  with  roll  angle  exceeding  35*, 

.  low  speed  stall  protection  demonstration  at  high  angle  of  attack, 

.  transfer  of  command  input  demonstration  after  erratic  take-over 
from  the  other  pilot, 

over-rotation  at  take-off  to  demonstrate  transfer  of  command 
and  flight  envelope  protection. 
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An  additional  objective  was  to  assess  the  rationality  of  model  calculations  In 
the  context  of  the  type  of  flying  conducted  In  these  demonstrations.  The  nature 
and  organization  of  this  demonstration  flight  program  did  not  permit  the 
collection  of  actual  ratings  for  which  visiting  pilots  would  have  had  to  be 
trained.  Previous  collection  of  workload  ratings  in  the  A310-300  could  provide  a 
basis  for  determining  If  the  model's  operation  was  reasonable  taking  Into 
account  the  flying  problems  presented  and  the  fact  that  the  pilots  were  having 
their  first-ever  fly-by-wlre  experience.  Time  pressure  and  other  factors  made  It 
also  Impossible  to  have  all  guest  pilots  equipped  with  heart  rate  sensing 
equipment.  So  only  a  subset  of  the  total  number  of  flights  was  available  for 
analysis. 

The  pattern  of  estimates  by  flight  phase  appears  quite  reasonable  and  consistent 
with  both  expectation  and  previous  workload  research.  As  depicted  In  figure  11 
workload  profiles  are  logically  following  what  might  be  expected  from  flight 
phases.  Also,  the  values  for  CM2/PNF-  Airbus  test  pilots,  three  of  which 
contributed  to  the  data  Included  —are  below  those  of  CMl/PF—  experienced  guest 
pilots,  eight  of  which  had  been  Instrumented.  This  Is  not  surprising  since  these 
eight  flights  were  typically  the  first  sidestiok/f ly-by-wire  experiences  for  these 
visitors  and  for  some  their  first  flying  an  A300. 

Another  pattern  of  results  concerns  the  relationship  among  the  four  flight 
conditions.  Depending  on  the  additive  coefficients  in  the  model,  these 
conditions  logically  ranked  themselves  as  failure  with  associated  checklist  being 
exercized,  failure  condition,  normal  situation  with  checklist  being  exercized  or 
normal  condition,  these  four  being  In  order  of  decreasing  values.  As  shown  In 
Figure  11  the  differences  among  flight  conditions  are  greatest  during  the  In-fllght 
phases  and  least  for  the  relatively  low  workload  taxi  phases.  The  consequences  of 
diverting  the  attention  of  a  crewmember  to  an  emergency  or  checklist  are  certainly 
greater  when  the  aircraft  is  in  the  air  than  when  it  is  on  ground. 

Assessing  Individual  flight  graphs  with  normal  flight  conditions  In  Figure  11  also 
provides  a  feeling  for  the  role  that  heart  rate  variability  data  play  In  the  model 
since  at  any  given  time  all  other  parameters  are  the  same  for  CMl/PF  and  CH2/PNF 
estimates.  Moreover,  the  extent  to  which  the  model's  estimates  for  CMl/PF  and 
CM2/PNF  are  equivalent  In  level  and  shape  can  be  Interpreted  as  a  direct  measure  of 
how  well  the  crew  Is  coordinating  and  sharing  workload. 

An  examination  of  Figure  12  reveals  an  excellent  correspondence  between  the  FbW 
demonstration  data  and  the  A310-300  validation  study  data,  either  actual  or 
calculated.  The  actual  and  calculated  values  being  highly  correlated  (r  = 
0.961),  the  normal  flying  data  for  the  demonstration  flights  also  correlate  well 
with  these  validation  data  (r  =  0.759).  The  major  differences  are  for  take-off, 
cruise  and  taxi  )Mfore  take-off  and  can  easily  be  explained.  The  take-off  data 
for  the  FbW  demonstration  flights  are  the  guest  pilots'  first  encounter  with  the 
fly-by-wire  system  which  certainly  could  be  expected  to  increase  workload.  The 
initial  cruise  phase  in  the  FbW  demonstration  flights  was  relatively  short 
lasting  only  30  seconds  on  average.  It  was  only  at  an  altitude  of  10.000  ft, 
with  the  guest  pilot  still  unfamiliar  with  the  aircraft  and  the  autopilot  not 
engaged.  The  cruise  phases  of  the  A310  validation  flights  were  sustained  periods 
of  level  flight  at  high  flight  levels  usually  involving  the  autopilot.  The 
relatively  low  estimates  for  taxi  before  take-off  are  also  attributable  to  the 
nature  of  the  demonstration  flights.  There  were  no  MEL  items  for  pilots  to  deal 
with  as  In  the  A310  validation  flights,  CN2  was  taxiing  and  the  presence  of  a 
CM3-f light  engineer  further  reduced  any  load  on  the  pilots  prior  to  take-off. 

The  flight  program  also  Included  six  special  manoeuvers  In  order  to  demonstrate 
various  aspects  of  the  fly-by-wire  control  system  to  these  guest  pilots.  Five  of 
the  six  manoeuvers  were  essentially  basic  flying  problems  and  were  therefore 
assuming  the  normal  flight  condition.  The  simulated  engine  failure  at  take-off, 
however,  was  estimated  as  a  failure  flight  condition.  As  graphically  depicted. 
Figure  13  shows  that  each  special  manoeuver  was  associated  with  an  elevation  In 
workload  estimates  for  both  crewmembers  except  for  the  bank  angle  limiting.  An 
engine  failure  at  take-off,  a  steep  dive  and  pull  up  Into  a  2  g  climb, 
approaches  to  stall/high  alpha  and  seemingly  irrational  control  Inputs  at 
critical  points  In  the  flight  path  (overrotation  and  transfer  of  conniand)  would 
all  be  expected  to  cause  workload  to  elevate.  The  al>sence  of  an  Increase  In 
predicted  workload  for  the  (sank  angle  limiting  Is  not  unexpected  since  It  can  be 
assumed  that  guest  pilots  often  had  banked  aircraft  beyond  35  degrees  especially 
at  safe  altitude  and  airspeed.  The  purpose  of  this  manoeuver  was  to  demonstrate 
the  limiting  properties  of  the  control  system  and  not  to  generate  anything 
extreme.  The  extent  of  the  Increase  of  CMl  versus  CM2  Is  also  orderly.  Workload 
for  )30th  pilots  is  highest  for  the  engine  failure  at  take-off.  The  overrotation 
and  transfer  of  command  manoeuvers  elevate  the  workload  for  CH2  more  than  for 
CMl  because  CMl  Is  flying  the  aircraft  and  making  critical  control  Inputs. 
Similarly,  the  high  alpha  approach  causes  a  much  greater  Increare  for  CMl  than  for 
CM2.  This  Is  likely  since  contrary  to  the  CMl  the  CM2  Is  familiar  with  the  fact 
that  the  fly-by-wlre  will  prevent  a  stall  while  the  alpha  floor  will  trigger 
maximum  thrust. 
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Whether  for  the  normal  flight  phases  or  for  the  special  manoeuvers  one  of  the 
workload  Implications  emerging  from  these  demonstration  flights  Is  that  absolute 
workload  levels  for  guest  pilots  were  not  as  high  relative  to  the  Airbus  test 
pilots  as  might  be  expected  for  pilots  Just  transitioning  to  sidestiok/f ly-by- 
wire.  This  supports  the  notion  that  transition  to  this  new  flight  control  should 
not  present  any  ma}or  handling  problems.  Overall,  the  results  clearly  showed  the 
ability  of  the  model  to  produce  realistic  estimates  for  the  various  phases  of 
flight  and  for  the  special  manoeuvers  e/en  though  these  demonstrations  departed 
dramatically  from  conditions  Inherent  in  the  model's  development  and  validation. 
Rad  there  been  any  Inherent  problems  In  the  model  these  would  likely  have  been 
unveiled  during  this  fourth  step. 

6.1.5  -  Model  application  to  ths  first  fll^t  of  A320 

Finally,  the  fifth  development  step  was  the  application  of  the  workload  model  to  the 
very  first  flight  of  the  A320  with  both  pilots  equipped  with  heart  rate  monitoring 
sensors.  This  was  not  a  formal  experiment  but,  rather,  an  exploratory  effort  and  a 
further  chance  to  exercize  the  model  under  highly  unusual  circumstances. 

The  Internal  consistency  of  the  model's  estimates  for  this  first  flight  (Figure  14) 
again  strongly  suggested  that  it  is  a  valid  tool  even  with  a  sidestick/f ly-by-wire 
aircraft.  It  was  particularly  noteworthy  that  the  model  was  able  to  function  acceptably 
even  though  the  heart  rates  of  both  pilots  were  fairly  high. 

These  high  rates  were  not  unexpected  in  a  situation  with  as  much  relative  anxiety  and 
excitement  as  a  maiden  flight  of  a  new  aircraft.  However,  the  model's  ability  to  cope 
with  them,  was  a  further  indication  of  how  robust  it  is  to  a  wide  range  of  flying 
situations. 

It  was  therefore  concluded  that  the  model  was  ready  for  operational  use  as  part  of 
flight  test  and,  in  particular,  as  experimental  tool  for  the  A320  certification. 

6,2  -  ProqraimDe  Application 

6.2.1  -  abjective  of  the  Airbus  Calculation  System 

As  the  A320  approached  certification  it  had,  like  all  other  commercial  jet  aircraft, 
again  to  demonstrate  its  ability  to  operate  in  the  real-world  environment  of  crowded 
airports  and  airways,  flying  a  rigorous  schedule  coveting  the  length  and  breath  of 
Europje  (Speyer  J.-J.,  Monteil  C,,  February  1988). 

The  main  objective  of  this  particular  demonstration  was  indeed  to  satisfy 
certification  requirements  for  the  A320's  minimum  crew  complement  as  laid  out  in  FAR/ 
JAR  25. 

This  was  achieved  by  using  different  means  to  comply  with  the  regulation; 

-  reviews  of  procedures  and  checklists  resulting  from  flight  debriefings  and 
pilot  comments, 

-  workload  analyses  of  subjective  workload  rating  evaluations  as  performed 
earlier  for  the  A300  FF/A310  certifications,  with  pilot  and  observer 
assessments, 

-  workload  calculations  by  means  of  aircraft  parameters,  physiologic  and 
flight  status  measures  as  objective  substantiation  of  pilot  and  observer 
assessments. 

■nie  first  phase  of  these  intensive  trials  were  run  for  8  days  in  January  1988  and 
involved  a  series  of  50  real  flights  on  a  typical  short/medium  haul  network  flying  up 
to  7  sectors  a  day.  Four  different  crews  took  part:  three  were  composed  of  an  airline 
pilot  (acting  on  behalf  of  the  certification  authorities)  and  of  an  Airbus  Industrie 
test  pilot,  while  two  airworthiness  authority  pilots  made  up  the  fourth  crew.  A  short 
campaign  of  20  simulated  flights  took  also  place  but  is  not  being  reviewed  here  since 
the  workload  model  has  neither  been  validated  nor  yet  adapted  to  simulator  use. 

Subjective  rating  by  pilots  may  bring  an  undesirable  intrusion  on  the  flying  duties 
of  the  crew  causing  distractions  particularly  when  workload  is  high  and  should  be 
avoided  by  the  observers.  For  example,  across  all  50  flights  of  the  flight  campaign, 
a  total  of  only  five  ratings  was  requested  during  take-off  and  only  twenty  five  were 
asked  for  during  landing,  compared  to  a  total  of  more  than  2.200  rating  requests.  Put 
to  practical  teat,  the  Airbus  Calculation  System  was  therefore  used  to  provide 
continuous  estimates  for  each  second  of  flight,  an  even  wider  and  more  valuable 
application  than  had  been  performed  liefore. 

6.2.2  -  Data  collection  procedures 

Data  collection  included  acquisition  of  heart  rate  data  for  both  pilots  using 
portable  recorders  and  aircraft  data  by  using  on-board  recording  equipment.  Figure  15 
schematizes  the  patent  pending  Airbus  Workload  Calculation  system. 
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Catdiac  periods  were  recorded  from  the  electrocardiogram  of  each  pilot  bv  means  of  a 
portable  microcomputer  (VITALOG  PHS8).  A  specific  program  enabled  the  Identification 
of  the  heart  rate  record,  its  synchronization  to  the  flight  parameters,  the  test  of 
each  cardiac  period  and  record.  The  resulting  data  was  stored  in  solid-state  memory 
for  subseguent  recovery  and  display  by  a  personal  computer  acting  as  the  Data  Manager 
and  installed  in  the  A320.  Saved  in  binary  format  after  each  flight,  the  physiologic 
data  was  subsequently  converted  in  decimal  format  and  transferred  to  a  ground-based 
personal  computer  when  returning  to  base  to  be  checked  and  processed  into  heart  rate 
variability  indices.  The  aircraft  data  was  also  converted  to  a  standard  format,  9 
track,  1.600  BPl  magnetic  tape  for  use  by  the  calculation  programs,  all  of  which  were 
designed  to  run  on  the  PC- system. 

Logging  of  flight  events  and  crew  activities  by  qualified  observers  and  from  closed- 
circuit  video  screems  allowed  to  determine  actual  flight  condition  so  as  to  have  only 
one  rating  calculation  rather  than  the  4  parametric  possibilities  according  to 
normal/emergency  or  checKlist/no  checklist  combinations.  This  observation  was  also 
synchronized  with  ECG-recordings  by  means  of  an  identification  signal  at  the  start  of 
observer  logging. 

Analysis  included  the  determination  of  flight  phases  from  the  aircraft  data  followed 
by  the  calculation  of  workload  estimates  and  the  preparation  of  output  tables  and 
graphic  presentations. 

6.2.3  -  Scenarios  of  the  A320  Campaign 

Having  received  somewhat  limited  training  compared  to  genuine  airline  standards  -not 
an  exception  at  that  stage  of  aircraft  develojmient-  all  crews  had  to  demonstrate  the 
necessary  understanding  and  ability  to  handle  problems  and  failures  involved  in 
sometimes  very  demanding  scenarios.  Their  purpose  in  the  context  of  minimum  crew 
demonstration  was  to  provide  a  range  of  low  to  high  workload  situations  in  order  to 
determine  the  suitability  of  the  A320  for  operations  with  a  crew  complement  of  two 
pilots.  Twelve  different  flight  scenarios  were  drawn  which  each  crew  flew  at  least 
once . 

With  newly  introduced  FBW  technology,  an  integrated  FMGS  (APS  +  ATS  +  FMS)  and  a 
rearranged  EIS  architecture  (EFIS  +  ECAM) ,  the  A120  exercize  focused  on  simulated 
problems  I  flight  and  dispatch)  pertaining  to: 

-  Fly-by-wire  computer  failures  lELAC,  SEC,  FCDC)  resulting  in  transitions  to 
alternate  and  direct  control  or  manual  flight, 

-  Plight  management  and  guidance  failures  resulting  in  manual  flight, 
conventional  navigation  and  loss  of  automatic  radio  and  navaid  selections, 

-  Automatic  thrust  control  failures  resulting  in  manual  throttle  handling, 

-  Electronic  failures  concentrating  on  ECAH  (complete  loss,  loss  of  aural 
warnings,  local  warnings  only,  loss  of  red  and  amber  cautions)  or  on  EFIS, 

-  Electronic  failures  concentrating  on  EFIS  (loss  of  display  unit,  electrical 
problems,  flight  controls  unit  failures  causing  the  loss  of  the  EFIS  control 
panel  and  automatic  selections  on  navigation  displays). 

Astutely  combined,  these  cases  were  covered  by  the  first  seven  flight  scenarios,  the 
remainder  concentrating  on  rather  traditional  themes  also  exercized  in  former 
demonstrations: 

-  pressurization  loss  followed  by  emergency  descent  or  by  manual  control, 

-  electrical  AC  or  DC  problems, 

-  hydraulic  failure  resulting  in  gravity  gear  extension, 

-  incapacitation  of  captain  or  first  officer. 

In  principle,  an  effMt  was  made  to  limit  the  combined  event  probabilities  to  a 
realistic  level  of  10  '/flying  hour  but  in  several  cases  it  was  necessary  to  go  beyond 
this  objective  in  order  to  find  the  most  judicious  combinations  of  failures.  The  normal 
flight  scenario  was  maintained  on  purpose  to  evaluate  the  impact  on  workload  in  these 
conditions.  Weather  was  representative  of  winter  operations,  flights  were  routed  through 
heavy  traffic  areas. 

6.2.4  -  Statistical  tests 

Two  main  products  are  derived  from  the  Airbus  Workload  Calculation  System;  statistics 
and  calculated  timelines. 

A  series  of  analyses  was  undertaken  to  gradually  determine  the  validity  of  using  the 
model  on  the  A320: 

-  correlation  coefficient  (between  actual  and  calculated  ratings  on  a 
case-by-case  basis. 
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-  correlation  coefficient  between  actual  and  calculated  ratings  per  flight 
phase , 

-  correlation  coefficient  between  actual  and  calculated  mean  ratings  per 
scenario  type, 

-  calculated  mean  ratings  by  flight  phase  and  for  each  crewmember  on  a 
flight -by-flight  basis. 

It  should  be  clearly  kept  in  mind  that  the  model  produces  an  estimate  on  the  same 
workload  scale  from  two  to  eight  as  practised  through  dyneunic  workload  rating  by  the 
pilots. 

overall,  of  the  2382  ratings  for  which  data  for  both  the  model  and  the  pilot's  actual 
quotation  were  available,  the  correlation  coefficient  was  0.498.  This  is  higher  than  for 
the  A310-300  limited  validation  10.44)  and  is  also  associated  with  much  less  than  one 
chance  in  10.000  that  the  finding  is  not  real. 

When  the  actual  and  calculated  ratings  for  the  in-flight-only  phases  (take-off,  climb, 
cruise,  descent,  rapid  descent,  approach  and  landing)  are  correlated,  the  coefficient 
increases  to  0.S34.  The  correlation  between  actual  and  (predicted  or  processed) 
calculated  mean  ratings  for  the  in-flight  phases  reaches  0.729.  As  shown  in  figure  16 
the  correlation  by  scenario  mean  is  also  excellent  at  0.772.  These  high  correlations 
leave  virtually  no  doubt  that  the  workload  calculations  stermning  from  the  model  are 
valid  and  further  support  the  applications  of  this  technique. 

6.2.5  -  Tlnellne  Plots 

The  validity  of  the  workload  model  calculations  having  t)een  shown,  it  became  relevant 
to  use  the  calculated  rating  values  to  analyse  each  flight  in  more  detail  than  was 
possible  with  the  number  of  actual  ratings  which  yielded  the  calculated  timelines. 

Timelines  were  drawn  for  actual  and  calculated  pilot  ratings  (every  15  seconds  from 
the  start  of  data  acquisition)  for  all  of  the  50  flights  of  the  campaign  further 
providing  graphical  confirmation  of  good  correspondences  as  exemplified  by  figure  17. 
Planned,  simulated  failures  as  part  of  the  test  scenario  are  indicated  by  triangles. 
When  the  failure  was  reset  during  flight,  both  a  starting  and  ending  triangle  are  shown. 
If  the  failure  continued  throughout  the  flight,  only  a  single  triangle  is  shown. 

The  relative  shapes  and  position  of  the  curves  for  CMl  and  CM2  provide  an  indication 
of  the  workload  imposed  during  the  various  phases  of  the  flight  by  the  scenario  and 
the  regular  task  of  flying  that  route  on  that  very  day  with  its  prevailing  weather 
and  ATC  conditions.  The  curves  also  present  a  view  of  the  degree  to  which  the  crew 
shared  the  workload  throughout  the  flight.  The  staggered  appearance  of  some  curves 
(Figure  18)  points  to  possibly  pilot-induced  lags  in  level,  phase  and  tendency.  It 
should  be  remembered  that  the  pilot  rating  interrogation  process  is  strictly  under 
control  of  the  observer  and  that  the  rating  requests  are  sometimes  delayed  to  avoid 
possible  intrusion  especially  when  workload  is  higher  than  usual.  Being  required  to 
provide  "an  aggregate  rating  since  last  request"  pilots  may  at  times  put  more  or  less 
weight  than  appropriate  to  account  for  past  workload  trends  especially  when  they 
asked  for  ratings  soon  enough  after  the  onset  of  these  workload  increases  or 
decreases.  Too  frequent  requests  in  the  absence  of  any  really  significant  workload 
shifts  can  on  the  other  hand  induce  serial  dependencies.  At  some  point  here,  the 
pilot  may  rate  one  category  higher  or  lower  jsecause  he  either  thinks  the  observer 
genuinely  notices  different  workload  from  his  side,  either  ho  decides  to  disrupt  the 
monotoneous  pattern  of  always  providing  the  same  rating. 

6.2.6  -  Discussion 

The  calculated  curves  need  to  i>e  assessed  in  the  context  of  actual  scenario  progress. 
Figure  16  depicts  an  ECAM/FAC  situation  type  with  logical  concordances  between 
failure  onset/cancellation  and  calculated  model  responses  confirming  workload  trends 
steinaing  from  subjective  ratings.  For  crews  with  apparent  lack  of  knowledge,  training 
and  experience  some  basic  scenario  combinations  (as  in  Figure  19)  appeared  to  add 
difficulties  to  the  extent  that  some  kind  of  adverse  synergism  contributed  to  create 
even  higher  workload  than  for  each  problem  taken  individually.  Overall  and  in  most 
planned  scenarios  workload  was  low  to  moderate  with  a  smaller  proportion  of  higher 
workload.  Prolonged  legs  (Figure  20)  with  no  technical  failures  nor  operational 
difficulties  brought  some  crewmembers  to  very  low  workload  levels  only  to  be  incremented 
during  descent  and  approach  phases.  This  adds  to  the  growing  body  of  evidence  that  the 
long  debated  issue  of  pilot  overload  may  have  overshadowed  an  equally  appropriate  focus 
on  just  the  opposite  concern  which  is  underload  (Clauxel  J.S.  and  G.  stone, 
November  1983). 

Calculated  ratings  also  provide  additional  information  for  those  times  and  situations 
during  which  there  were  not  too  many  actual  ratings  to  reach  a  workload  assessment. 
Special  effects  can  Ise  assessed  such  as  FBW  control  law  transitions  from  normal  to 
alternate  and  reverse  or  from  alternate  to  direct  law  prior  to  landing  as 
respectively  illustrated  in  Figures  17  and  18.  In  no  cases  did  any  of  these  transitions 
hamper  pilots  for  landing.  In  a  related  way,  an  increased  workload  pattern  for  the  PF  in 
one  of  these  certification  flights  was  explained  by  a  windshesr  encounter  just  prior  to 
landing.  Judgment  and  expertise  need  to  be  exercized  to  assess  the  calculated  timelines 
with  regard  to  workload  acceptability  and  variability. 
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6.3  -  Application  to  the  study  of  errors  and  autonation 

One  of  the  other  advantages  of  calcxilating  continuous  measures  of  workload  is  that  an 
attempt  can  be  made  to  relate  spontaneous  crew  errors  to  the  workload  level  at  the 
exact  point  in  time  that  the  error  occurred.  Crew  workload  is  one  of  the  most 
important  human  factors  parameters  in  aviation  because  high  workload  can  lead  to 
errors.  Sustained  high  workload  levels  will  overtax  the  crew,  limit  spare  capacity  to 
attend  to  anything  but  the  task  at  hand  and  hereby  increase  the  probability  of  error 
and  accident.  Conversely,  sustained  low  workload  may  also  lead  to  errors  since  the 
pilot  may  lose  situational  awareness  and  have  difficulty  getting  back  into  the  loop. 

Blomberg  and  Schwartz  took  the  unique  opportunity  offered  by  the  A320  minimum  crew 
demonstration  to  investigate  more  fully  the  relationship  between  workload  and  errors.  In 
these  certification  flights  crew  errors  had  to  be  detected  by  the  pilot  observers, 
recorded  at  the  time  they  occurred  and  entered  into  the  data  collection  system. 

6.3.1  ^  General  approach 

Errors  were  categorized  by  their  severity  as  (Speyer,  Monteil,  February  1988): 

.  Minor  (M)  -  Slips  or  procedural  problems  which  could  be  fixed  promptly, 

Important  (I)  -  More  serious  deviations  from  proper  procedures  which  were 
ultimately  corrected  or  errors  not  related  to  safety  which  went  uncorrected 
by  the  crew, 

.  Safety-related  (S)  -  Problems  with  the  potential  to  degrade  safety  whether 
corrected  or  not. 

Only  one  of  the  75  identified  errors  was  deemed  of  the  "Safety-related*'  type  by  the 
observers.  This  error  was  one  of  the  "knowledge-representation"  type  with  momentary 
scenario  interruption  decided  by  the  Flying  Director  subsequent  to  a  complete  loss  of 
radiocommunications  wrongly  suspected  by  the  crew.  For  the  purpose  of  these  analyses 
this  error  was  combined  with  those  in  the  "Important"  category  for  a  total  of  17  in 
both  categories.  The  remaining  58  errors  were  judged  to  be  "Minor". 

These  same  errors  were  also  categorized  as  to  the  pilot’s  likely  awareness  of  their 
occurrence  (Blomberg,  Schwartz  et  al,  September  1988): 

.  Unaware  (U)  -  Errors  not  resulting  in  an  alarm  or  any  immediate  or  long  term 
change  in  the  aircraft  performance  or  flying  task. 

Aware  (A)  -  Errors  resulting  in  an  alarm  or  the  almost  sure  need  for 
remedial  actions  at  some  time  relatively  soon  after  the  error  had  been 
committed. 

Examples  of  the  "Unaware  errors"  concern  cases  such  as  checklist  omissions,  slight 
deviations  from  target  flight  levels,  and  incorrect  barometer  settings.  Examples  of 
the  "Aware-type"  include  failure  to  notice  the  autopilot  was  disconnected,  lack  of 
speed  holding  in  climb,  or  forgetting  that  both  autothrottle  systems  were  lost. 

The  underlying  assumption  of  this  categorization  is  that  error  awareness  produces 
different  workload  effects  due  to  remedial  activities  or  emotional  reactions  than 
errors  that  go  unnoticed  by  the  pilot. 

Errors  were  located  on  the  timeline  plots  of  calculated  workload  ratings  to  assess: 

.  the  relative  workload  level  at  the  time  or  the  error  with  respect  to  the 
total  workload  profile,  i.e.  low,  medium  or  high, 

.  the  workload  trends  prior  to  and  immediately  following  the  time  of  the 
error,  i.e.  increasing,  decreasing  or  steady. 

6.3.2  -  Reaulta  and  Discuaslon 

Whereas  the  M  errors  were  approximately  evenly  distributed  among  low,  medium  and  high 
relative  workload  segments,  the  "I+S”  errors  on  the  other  hand  were  most  likely  to  be 
observed  during  periods  of  medium  and  high  prevailing  workload  and  relatively 
unlikely  to  occur  with  low  workload. 

While  "M"  errors  were  to  be  associated  with  decreasing  workload,  "i+S"  errors 
appeared  to  be  rather  linked  with  increasing  workload.  A  significant  statistical 
indication  prevailed  for  almost  half  of  the  "pilot  aware"-errors  to  happen  in  periods  of 
increasing  workload  and  half  of  the  "pilot  unaware"-ones  to  take  place  when  workload  was 
decreasing. 
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Error  awareness  was  however  not  systematically  related  to  any  of  the  three  prevailing 
workload  levels  themselves. 

Ml  of  the  errors  that  occurred  at  a  high  workload  level  were  associated  with 

increasing  workload  just  prior  to  the  time  of  error  and  usually  with  decreasing  workload 
thereafter.  This  suggests  that  when  workload  is  high  and  increasing  and  an  error  occurs, 
that  error  will  be  severe. 

Any  workload  decrease  after  the  peak  may  be  the  result  of  the  pilot  "giving  up"  and 
shedding  tasks,  just  as  it  may  simply  be  an  artifact  of  the  exercize  since  expert 
assistance  is  always  available  from  other  specialists  in  the  cockpit. 

Conversely  with  workload  decreasing  before  an  "I+S"  error,  it  was  more  likely  to  level 
off  or  increase  further  on  which  is  consistent  with  the  possible  generation  of  workload 
by  the  higher  severity  errors. 

Workload  data  could  also  be  used  for  a  more  molar  analysis  to  investigate  the 
relationship  between  workload  and  automation. 

In  the  A320  certification  flights,  scenarios  were  arranged  to  vary  the  flying  problem 
presented  to  the  pilots.  In  the  process  of  creating  scenarios,  the  automation  level  was 
not  systematically  varied.  However,  three  of  the  12  scenarios  had  different  but 
relatively  constant  levels  of  automation  for  the  majority  of  their  in-flight  periods. 
Aggregating  both  pilots*  second-by-second  model  estimates  by  phase  and  for  each  of  the 
three  scenarios  considered  helped  to  derive  a  potentially  strong  inverse  relationship 
between  workload  and  automation  level  confirming  practical  exi>erience.  The  lowest 

automation  scenario  that  required  conventional  navigation  on  standby  instruments  shows 
the  highest  average  workload.  And  the  highest  automation  situation,  which  is  normal 
flight,  provides  the  lowest  workload.  Finally,  the  moderate  automation  case,  which 

involved  systems  monitoring  without  the  ECAM  displays  or  cautions  &  warnings,  lies  in 
between. 

1  -  COWCLUSIOH 

As  a  tool  to  investigate  the  impact  of  new  technology  or  the  effect  of  human  factors  on 
the  operational  interface,  the  Airbus  Workload  Model  opens  new  avenues  in  the  study  of 
workload  and  vigilance  and  their  relationships  to  both  errors  and  automation.  One  of  the 
great  strengths  of  the  model  is  its  ability  to  offer  continuous  data,  a  uni^e 

opportunity  which  no  other  documented  workload  technique  offers  throughout  the  entire 
duration  of  a  real  flight. 

Much  further  work  remains  however  to  be  done  to  evaluate  the  impact  of  aircraft 

technology.  Which  should  be  performed  more  thoroughly  by  also  investigating  the  impact 
of  the  airline  operational  environment  itself.  The  Airbus  Workload  Model  will  soon  be 
put  to  test  in  actual  airline  operations  teaming  up  with  medical  research  as  to  the 
effect  of  monotony  on  vigilance  and  biomechanical  behaviour  lA.  Coblentz,  G.  Ignazi,  R. 
Mollard,  M.  Sauvignon,  October  1986).  In  this  context,  the  upcoming  trend  towards  ultra 
long-haul  operations  will  accentuate  the  issue  due  to  low  cruise  workload  and  high 
automation,  circadian  rhythms,  sleep  disturbance/deprivation,  duty  time  and  ensuing 
fatigue  (Wegmann  H.,  Conrad  B.,  Klein  K.,  March  1983j  Graeber  C.  et  al,  December  1986). 
Due  consideration  will  be  needed  to  assist  the  crew  in  maintaining  sufficient  vigilance 
by  means  of  flight  procedures  or  aircraft  systems  tailored  around  human  performance  and 
cognitive  engineering.  Ensuring  a  safe  response  frexn  pilots  even  in  periods  of  diffused 
arousal  will  need  proper  reactivation  in  order  to  bring  them  back  into  the  informational 
loop  and  maximize  their  situational  awareness  if  necessary  (Magano  H,  October  1985). 

Inevitably,  some  of  this  work  will  some  day  have  to  focus  on  human  performance 
capabilities,  i.e.  on  the  characteristics  of  good  airmanship.  A  number  of  studies  from 
Gopher  (Gopher  D.,  1982  ;  Gopher  D.  and  Kahneman,  1982)  have  indeed  indicated  that  good 
pilots  significantly  differentiated  themselves  from  less  well  performing  ones  with 
regard  to  their  mental  attention  and  concentration  capabilities. 

More  understanding  of  pilot  knowledge  representation  and  of  learning  and  cognitive 
processes  will  also  be  required  to  better  understand  pilot  behaviour  with  regard  to  new 
technology  airplanes.  The  existence  of  a  technically  stimulating  environment  (as  for 
test  pilots),  the  pilot  selection  process,  the  training  level  of  the  airline,  discipline 
in  operations,  personality  traits  and  the  high  degree  of  functionality  in  new  technology 
interfaces,  all  have  brought  to  bear  wide  variations  in  perceptions  and  knowledge 
representation  of  aircraft  systems.  A  number  of  studies  from  Boy  (Boy,  1988)  have  also 
stressed  on  the  organization  of  learned  analytical  knowledge  and  on  its  progressive 
transfer  into  compiled  situational  knowledge  and  controled  processes  as  a  function  of 
the  topic's  structure  or  problem  to  be  solved. 

Airbus  Industrie  is  fully  committed  to  human  factors  analysis  in  flight  test  development 
and  operations  engineering.  But  it  has  an  even  larger  conwnitment  to  an  informal  human 
factors  orientation  in  cockpit/aircraft  procedures'  design  and  operational  review.  The 
major  emphasis  being  on  safety  and  design-induced  error  tolerance  it  will  maintain  put 
an  adapted  emphasis  on  formal  ergonomics  studies.  Research  funds  being  limited  Airbus 
Industrie  will  nonetheless  continue  to  apply  itself  towards  selected  topics  in  the 
investigation  of  the  impact  of  aircraft  technology  on  the  operational  interface. 
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;  Alternative-  Current 
:  Attitude  Direction  Indicator 
:  Automatic  Flight  Control 
:  Automatic  Plight  Control  System 
;  Automatic  Flight  System 
:  Analysis  of  Variance 
:  Auxiliary  Power  Unit 
:  Air  Traffic  Control 
:  Autothrottle  system 

:  British  Aerospace 

:  C-star  fly-by-wire  control  law 
:  Category  III y II 
:  Control  and  Display  Unit 
:  Crewmember  1:  left  seated  pilot 
:  Crewmen^r  2:  right  seated  pilot 
:  Cathode  Ray  Tube 

;  Direct  Current 

:  Direction  Generale  de  1* Aviation  Civile 
:  Distance  Measurement  Equipment 

:  Electronic  Centralized  Aircraft  Monitor 
:  Electrocardiogram 
:  Electronic  Flight  Control  System 
:  Electronic  Flight  Instruments 
:  Engine  Indicating  Caution  and  Advisory  system 
:  Electronic  Instrument  System 
:  Elevator  and  Aileron  Computer 


:  Federal  Aviation  Agency 
:  Flight  Augmentation  Computer 
:  Full  Authority  Digital  Engine  Control 
:  Federal  Airworthiness  Regulations 
:  Ply-by-wire  flight  control  system 
:  Plight  Control  Compute 
:  Flight  Controls  Data  Concentrator 
:  Flight  Control  Unit 
:  Flight  Director 
:  Forward  Facing  Crew  Cockpit 
:  Flight  Node  Annunciator 
!  Flight  Management  Computer 
:  Flight  Management  and  Guidance  System 
:  Flight  Management  System 
j  Flight  Path  Vector 
:  Flight  Warning  Computer 

s  High  Frequency 

:  Horizontal  situation  Indicator 

:  Instrument  Landing  System 
:  Inertial  Navigation  System 
:  Inertial  Reference  System 

:  Joint  Airworthiness  Regulations 

;  Multipurpose  Control  and  Display  Unit 
:  Massachussets  Institute  of  Technology 
:  Manufacturer's  Serial  Number 

:  Engine  fan  speed  thrust  control  parameter 
:  National  Aeronautics  and  Space  Administration 
:  Navigation:  horizontal  mode  of  the  FMS 
:  Navigation  Display 
:  Non  Directional  Beacon 
:  National  Transportation  Safety  Board 

:  Open  Profile 
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PFD  :  Primary  Flight  Display 

PROF  :  profile:  vertical  mode  of  the  PMS 


RMP 


Radio  Management  Panel 


SD 

SEC 

SID 

SPD 

SRS 

SSR 

STAR 


System  Display 

Spoiler  and  Elevator  Computer 
Standard  Instrument  Departure 
Speed  Mode  of  AFS-ATS 
Speed  Reference  System 
Secondary  Surveillance  Radar 
Standard  Arrival  Route 


TCC  :  Thrust  ControlComputer 

VFW  :  Vereinigte  Plugwerke 

VHF  :  Very  High  Frequency 

VOR  :  Very  High  Frequency  Omni  Directional  Range 

WD  :  Warning  Display 
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FIGURE  1  '  Hisslon,  Functional  and  task  lavols 


60 


A310  747  737  A300  OC-10  727  737  707 

1966  survey  1968  survey 

_ Courtesy  of  DLH  - 1986 


FIGURE  2  -  Lufthansa  Cockpit  /  Systems  Survey 
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FIGURE  3  •  Roll  and  Pitch  Angles 
Standard  Deviation 


FIGURE  4  >  Ron,  Pitch  and  Yatv  Rates 
Standard  Deviation 
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FIGURE  10  ’  Progress  in  Research  &  Development 

From  Subjective  Rating  to  Ot^ectlve  Workload  Estimation 
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FIGURE  11  -  A300  Sidestick/Fly-by-wire  demonstration  phase  2  (1986) 
Model  Estimates  by  phase  and  flight  condition 
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FIGURE  12  -  A300  Sidestlck/Fly-by-wire  demonstration  phase  2  (1986) 

Comparison  of  Estimatas  by  flight  phase  with  A310-300  validation 
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FIGURE  13  -  A300  Sldestlck/Flyby-wIre  d«nonstratlon 
phase  Z  (1986) 

fiodal  estimates  for  special  manoeuvers 
by  pilot  role 
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FIGURE  U  •  A320  1st  Flight 
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Schematic  of  Data  Acquisition  Process 
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FIGURE  16  *  A320  Crew  Complement  Campaign 

Comparison  of  pilot  workload  estimates 
Model  estimates  and  actual  ratings 
by  scenario 
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FIGURE  17  -  a320  Crew  Complement  C^paign 

Flight's  Timeline  with  Model  Estimates  and  Actual  Ratings: 
Example  of  good  correspondences 
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FIGURE  18  -  A320  Crew  Complement  Cempelgn 

Flight's  Timeline  with  Model  Estimates  and  Actual  Ratings; 
Example  of  staggered  appearance 
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Flight  AIB  2846  -  AMS/ORY  (Jan.  28, 1988)  Scenario  10 

CM1/PF  - 


Rating  value 


Rating  value 


Take-off 


Legend 

Model 


Landing  - Ratings 


Climb  Cruise 


Approach 


MEL  items  :  CAB  press  1 
AP2 


A  CM2  Simulated  incapacitation 
11 

A  AP  1  failure 
A  Cabin  pressure  2  failure 


10 


30  40  50  60 

CM2/PNF 


70 


A  CM2  simulated  incapacitation 

II  I 

A,  API  failure  | 

Cabin  pressure  2  failure 


10 


20  30  40  50 

Elapsed  time  (minutes) 


60 


70 


FIGURE  19  -  A320  Crew  Complement  Campaign 

Flight's  Timeline  with  Model  Estimates  and  Actual  Ratings: 
Example  of  workload  synergism 
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FIGURE  20  -  A320  Crew  Contplenent  Campaign 

Flight's  Timeline  with  Model  Eatlmates  and  Actual  Ratings; 
Example  of  very  low  workload  levels 
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